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I.  Introduction  and  Executive  Summary 

This  final  report  describes  work  for  Contract  No.  DNA001-92-C-0022.  The  start  date  for  this 
effort  was  8  May  1992. 

The  objectives  for  this  effort  as  detailed  in  the  statement  of  work  were:  (1)  Investigation  of 
natural  space  total  ionizing  radiation  dose  effects  on  power  MOSFETs,  BJTs,  and  integrated- 
circuits;  (2)  Characterization  of  single-event  upset  burnout  effects  in  power  MOSFETs,  BJTs, 
and  integrated  circuits;  (3)  Investigation  of  radiation  and  temperature  on  MOS  transistor 
mobility;  and  (4)  Characterization  of  single-event  gate  rupture  in  power  MOSFETs. 

For  the  purposes  of  this  final  report,  the  major  technical  thrusts  are  organized  as:  (1)  Modeling 
of  Single-Event  Burnout  of  Power  MOSFETs;  (2)  Modeling  of  Single-Event  Gate  Rupture  of 
Power  MOSFETs;  (3)  Investigating  Total-Dose  Effects  in  Power  MOSFETs;  and  (4) 
Investigating  Total-Dose  Gain  Degradation  in  BJTs. 

Heavy  ions,  ubiquitous  in  a  space  environment,  can  cause  single-event  burnout  (SEB)  in  power 
MOSFETs.  This  is  a  catastrophic  failure  mechanism  that  is  initiated  by  the  passage  of  a  heavy 
ion  through  the  device  structure.  This  event  generates  a  current  filament  that  locally  turns  on  a 
parasitic  npn  transistor  inherent  to  the  power  MOSFET  physical  structure.  Subsequent  high 
currents  and  high  voltage  in  the  power  MOSFET  induce  second  breakdown  of  the  parasitic 
transistor  and  meltdown  of  the  power  MOSFET.  During  the  course  of  the  work  described  in  this 
final  report,  a  model  was  developed  to  describe  the  burnout  mechanism  and  to  predict  the  SEB 
threshold  in  terms  of  linear  energy  transfer  (LET)  of  the  incident  heavy  ion  for  a  specified  device 
structure  and  operating  condition  to  make  the  device  radiation  tolerant.  This  is  discussed  in 
Section  n. 

In  addition  to  SEB,  power  MOSFETs  are  vulnerable  to  another  single-event  phenomenon  called 
single-event  gate  rupture  (SEGR).  SEGR  can  occur  when  a  heavy  ion  strikes  the  neck  region  of 
the  power  MOSFET.  The  neck  region  constitutes  the  gate-drain  overlap  region  of  the  device. 
Following  the  ion  strike,  the  electric  field  due  to  the  applied  positive  drain  bias  causes  the 
generated  holes  in  the  silicon  to  move  toward  the  silicon  -  silicon  oxide  (Si-Si02)  interface  and 
the  electrons  toward  the  drain  contact.  The  holes  leak  off  only  slowly  toward  the  source  contact 
and  therefore  start  to  pile  up  at  the  Si-Si02  interface.  This  hole  accumulation  effect  at  the  Si- 
Si02-interface  creates  a  pool  of  positive  charge  which  results  in  a  transient  field  increase  across 
the  oxide  at  the  track  position.  If  this  transient  field  increases  above  a  critical  value,  oxide 
breakdown  occurs  heating  the  structure  locally.  If  the  breakdown  current  lasts  long  enough,  a 
permanent  short-circuit  through  the  oxide  results.  For  this  program,  a  model  incorporating  a 
two-dimensional  device  simulator  was  developed  to  predict  failure  bias  levels  for  SEGR  to  help 
design  radiation  tolerant  devices.  This  is  discussed  in  Section  IH. 

Ionizing  radiation  results  in  charge  generation  in  the  oxide  regions  of  electronic  devices.  As  part 
of  this  program,  several  total-dose  effects  in  power  MOSFETs  resulting  from  ionizing  radiation 
are  investigated.  One  topic  that  is  investigated  extensively  in  this  task  is  mobility  degradation 
due  to  ionizing  radiation.  Charge  separation  techniques  were  used  to  show  that  interface  states 
and  oxide  trapped  charge  contribute  to  mobility  degradation.  It  is  shown  that  mobility 
degradation  is  more  pronounced  at  77  K  than  at  room  temperature.  In  addition  to  mobility 
degradation,  increases  in  the  subthreshold  leakage  current  and  l/f  noise,  and  the  integrity  of  the 
termination  structure  following  total-dose  ionizing  radiation  were  investigated.  Furthermore,  the 
consequences  of  extrapolating  higher  dose-rate,  total-dose  response,  to  typical  space  environment 
dose-rate  response  of  power  MOSFETs  was  investigated.  The  effects  of  cryogenic  operation 
during  irradiation  in  power  MOSFETs  were  also  investigated.  These  topics  are  discussed  in 
Section  IV. 
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consequences  of  extrapolating  higher  dose-rate,  total-dose  response,  to  typical  space  environment 
dose-rate  response  of  power  MOSFETs  was  investigated.  The  effects  of  cryogenic  operation 
during  irradiation  in  power  MOSFETs  were  also  investigated.  These  topics  are  discussed  in 
Section  IV. 

Bipolar  junction  transistors  (BJTs)  continue  to  play  an  important  role  in  integrated  circuit 
technology.  BJTs  are  important  for  many  systems  that  may  be  exposed  to  ionizing  radiation. 
Previous  studies  of  modern  BJTs  have  shown  time-dependent  effects  following  irradiation  that 
differ  from  those  seen  in  MOS  devices.  Some  types  of  BJTs  show  greater  gain  degradation  after 
low  dose  rate  irradiations  with  low  electric-fields  than  after  high  dose  rate  irradiations. 
Moreover,  high  dose  rate  irradiation  followed  by  annealing  can  not  simulate  the  low  dose  rate 
response  of  many  BJTs.  The  base  current  in  modem  BJTs  increases  in  an  ionizing  radiation 
environment  due  to  increased  recombination  in  the  emitter-base  depletion  region.  The 
recombination  current  results  from  two  interacting  effects:  (1)  increased  surface  recombination 
velocity,  and  (2)  spreading  of  the  emitter-base  depletion  region.  For  this  task,  extensive 
experimentation  and  modeling  of  trench-isolated  silicon-on-insulator  BJTs  from  vertical,  lateral, 
and  substrate  technologies  were  performed  to  characterize  these  devices  for  radiation-induced 
gain  degradation.  This  is  discussed  in  Section  V. 

Like  radiation,  hot-carrier  stress  degrades  the  current  gain  in  BJTs  by  increasing  the  base  current 
while  affecting  the  collector  current  negligibly.  Mechanical  stress  has  been  reported  to  be 
strongly  linked  to  the  radiation  hardness  of  MOS  capacitors.  In  this  program,  through  rigorous 
experimental  characterization,  computer  simulation,  and  modeling,  hot-carrier  effects  in  poly- 
and  single-crystalline  npn  bipolar  transistors  were  investigated  with  regard  to  radiation  damage 
and  device  geometry.  A  physically -based  comparison  between  hot-carrier  and  radiation-induced 
degradation  in  BJTs  is  made  which  emphasizes  the  mechanisms  of  gain  degradation  by  each 
stress  type.  Additionally,  mechanical  stress-related  radiation  effects  were  investigated  in  single¬ 
crystalline  emitter  BJTs  that  were  subjected  to  repeated  cycles  of  irradiation  and  anneal.  This  is 
also  discussed  in  Section  V. 

The  following  sections  provide  detailed  information  on  the  items  briefly  introduced  in  this 
Introduction  and  Executive  Summary.  Section  II  covers  Modeling  of  Single-Event  Burnout  of 
Power  MOSFETs,  Section  III  describes  Modeling  of  Single-Event  Gate  Rupture  of  Power 
MOSFETs,  Section  IV  covers  Investigating  Total-Dose  Effects  in  Power  MOSFETs,  and  Section 
V  discusses  Total-Dose  Gain  Degradation  in  BJTs.  A  Summary  is  given  in  Section  VI,  and 
Section  VII  contains  Acknowledgments. 
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11.  Modeling  of  Single-Event  Burnout  of  Power  MOSFETs 
ILA.  Introduction 

Single-event  burnout  of  double-diffused  MOS  (DMOS)  power  transistors  occurs  due  to  tum-on 
of  the  parasitic  bipolar  transistor  in  the  DMOS  structure  by  a  heavy  ion.  As  part  of  this  program, 
a  model  for  single-event  burnout  was  developed  that  offers  a  clear  picture  of  the  relationships 
between  the  device  structural  parameters  and  the  properties  of  the  ion-induced  current  filament. 
This  understanding  is  necessary  for  the  production  of  power  MOSFETs  with  decreased 
susceptibility  to  single-event  burnout. 

The  parasitic  bipolar  transistor  is  formed  by  the  n+  source  (emitter),  the  p-body  (base),  and  the  n 
drain  (collector).  When  a  heavy  ion  passes  through  the  device,  it  generates  a  filament  of  charge 
along  its  path.  The  electrons  in  the  filament  are  transported  to  the  drain  terminal  by  the  electric 
field,  while  the  holes  move  toward  the  p-body.  Before  the  holes  can  be  removed  from  the 
device,  they  must  flow  laterally  through  the  parasitic  resistance  of  the  body  region.  The  source 
and  body  regions  are  shorted  together  at  the  surface  of  the  device  by  the  source  metallization, 
preventing  tum-on  of  the  parasitic  bipolar  transistor  in  normal  device  operation.  However,  the 
resistive  voltage  drop  generated  by  the  returning  holes  is  of  the  polarity  required  to  forward  bias 
the  emitter  junction  of  the  parasitic  BJT. 

When  the  emitter  of  the  parasitic  BJT  is  forward  biased,  electrons  are  injected  into  the  base  and 
collected  by  the  reverse-biased  drain-body  (collector)  junction.  These  electrons  undergo 
avalanche  multiplication  in  the  drain-body  depletion  region,  generating  additional  holes  that 
must  flow  through  the  parasitic  body  resistance  to  ground.  If  enough  holes  are  generated,  the 
process  becomes  self-sustaining,  the  drain  current  locally  increases  to  a  very  high  level,  and  the 
device  burns  out.  The  parasitic  resistance  of  the  body  region  is  extremely  important  in 
determining  the  critical  ion  LET  (linear  energy  transfer)  at  which  the  device  will  burnout.  The 
parasitic  resistance  can  be  reduced  by  extending  a  p+  plug  from  the  body  contact  toward  the 
channel  region  of  the  power  MOSFET. 

The  process  by  which  the  parasitic  bipolar  transistor  turns  on  is  controlled  by  avalanche 
generation  of  carriers  in  the  drain-body  depletion  region  and  the  voltage  drop  developed  along 
the  body  region  by  the  return  of  the  avdanche-generated  holes  to  ground.  A  feedback  model  that 
describes  this  process  was  developed  under  this  contract  and  described  in  detail  in  several 
technical  publications.  The  model  predicts  that  the  device  is  more  susceptible  to  SEB  with 
increasing  drain-source  bias  and  decreasing  lateral  extent  of  the  p*  plug.  These  results  are 
consistent  with  those  obtained  with  two-dimensional  simulations.  The  effects  of  elevated 
temperature  on  SEB  were  incorporated  into  the  model.  As  temperature  increases,  the  impact 
ionization  rate  for  a  given  electric  field  decreases  due  to  a  shorter  mean  free  path  between 
collisions.  A  decrease  in  the  impact  ionization  rate  results  in  a  decrease  in  the  avalanche 
multiplication  rate  which  leads  to  a  decrease  in  the  SEB  susceptibility.  The  papers  describing  the 
model  are  included  in  Sections  ILB  through  II.D.  A  brief  overview  of  each  paper  is  included 
here  to  guide  the  reader  through  this  material. 
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Section  II.B.:  G.H.  Johnson,  R.D.  Schrimpf,  K.F.  Galloway,  and  R.  Koga,  “Temperature 
Dependence  of  Single-Event  Burnout  in  N-Channel  Power  MOSFETs,”  IEEE  Trans.  NucL  ScL, 
vol.  39,  pp.  1605-1612,  1992. 
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This  paper  presents  the  most  complete  description  of  the  model.  It  begins  with  an  overall  discussion  of 
the  burnout  process  and  the  heavy-ion-induced  current  filament.  A  model  is  presented  for  the 
parasitic-BJT  operation,  including  the  feedback  mechanism,  generation  of  holes  due  to  avalanching, 
and  the  turn-on  time  of  the  device  following  an  ion  strike.  Finally,  some  typical  burnout  thresholds  are 
calculated  and  the  critical  LET  for  burnout  is  plotted  vs.  the  extent  of  the  p+  plug. 

Section  II.D.:  G.H.  Johnson,  J.R.  Brews,  R.D.  Schrimpf,  and  K.F.  Galloway,  “Analysis  of  the 
Time-Dependent  Turn-On  Mechanism  for  Single-Event  Burnout  of  N-Channel  Power 
MOSFETs,”  in  RADECS  93  Proc. ,  1993,  pp.  441-445. 

This  paper  investigates  the  time-dependent  mechanisms  involved  in  single-event  burnout.  A  first  order 
dynamic  model  including  a  lumped-parameter  RC  charging  circuit  representing  the  resistance  and 
capacitance  of  the  base-emitter  junction  of  the  parasitic  BJT  is  used.  The  rnodel  shows  that  an  increase 
in  the  Junction  capacitance  or  a  decrease  in  the  base  resistance  of  the  parasitic  BJT  leads  to  a  reduction 
in  single-event  burnout  susceptibility. 
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ABSTRACT 

The  temperature  dependence  of  single-event  bum 
out  (SEB)  in  n-channel  power  metal-oxide- 
semiconductor  field  effect  transistors  (MOSFETs)  is  investi¬ 
gated  experimentally  and  analytically.  Experimental  data  are 
presented  which  indicate  that  the  SEB  susceptibility  of  the  power 
MOSFET  decreases  with  increasing  temperature.  A  previously 
reported  analytical  model  that  describes  the  SEB  mechanism  is 
updated  to  include  temperature  variations.  This  model  is  shown 
to  agree  with  the  experimental  trends. 

I.  INTRODUCTION 

It  has  been  known  for  some  time  that  single-event  burnout 
(SEB)  of  power  metal-oxide-semiconductor  field  effect  transis¬ 
tors  (MOSFETs)  is  a  catastrophic  failure  mode  that  can  be 
triggered  by  the  passage  of  a  single  heavy  ion  through  the  device 
[1].  This  phenomenon  is  of  concern  to  space-bom  system 
designers  since  heavy  ions  are  ubiquitous  in  the  space-radiation 
environment  [2].  In  addition,  the  broad  range  of  temperatures 
that  may  occur  on  board  a  system  in  flight  necessitates  an 
investigation  of  the  temperature  dependence  of  the  SEB  mecha¬ 
nism. 

Power  MOSFET  burnout  has  been  attributed  to  the  turn¬ 
on  of  the  parasitic  bipolar-junction  transistor  (BIT),  inherent  to 


♦  Work  a:  the  Unuversity  of  Arizona  supported  by  the  Defense  Nuclear 
Agency  under  contract  numbers  DNA001-88-C-0004  and  DNAOOl- 
92-C-0022. 


the  double-diffused  metal  oxide  semiconductor  (DMOS)  struc¬ 
ture,  when  the  power  MOSFET  is  turned  off  (blocking  a  large 
drain-source  bias)  [3].  Previous  burnout  modeling  has  been 
performed  for  an  ambient  device  temperature  of  300  K.  This 


paper  reports  the  temperature  dependence  of  the  burnout  mecha¬ 
nism  in  n-channel  power  DMOS  devices. 

Observation  of  SEB  in  p-channel  power  MOSFETs  has 
not  been  reported  in  the  literature.  It  is  believed  that  the  much 
lower  impact-ionizadon  rate  fw  holes  than  electrons  is  respon¬ 
sible  for  the  apparent  hardness  to  SEB  seen  in  p<hannel  power 
MOSFETs  [3].  For  this  reason,  the  temperature  dependence  of 
SEB  in  p-channel  devices  will  not  be  presented  in  this  paper. 

The  non-destructive  burnout  experiment  method,  with  a 
means  to  control  the  ambient  temperature  of  the  device,  was 
performed  on  IR6766  and  IRF150  power  MOSFETs.  The  SEB 
pmss  -section  was  measured  as  a  function  of  drain-source  voltage 


and  temperature.  The  temperature  was  varied  from  300  K  to 
373  K.  Due  to  the  difficulty  (or  impossibility)  of  cooling 
devices  within  the  experimental  chamber,  only  temperatures  at 
and  above  room  temperature  are  investigated  herein.  The  experi¬ 
mental  results  indicate  that  the  burnout  susceptibility  of  a  given 
device  decreases  with  increasing  temperature  for  a  given  applied 


drain-source  voltage. 

The  details  of  the  testing  technique  are  given  in  Section  H. 
The  experimental  results  are  presented  in  Section  HI.  The 
burnout  mechanism  for  the  power  DMOS  device  structure  is 
reviewed,  and  the  temperature  dependence  of  the  model  is 
discussed  in  Section  IV.  The  temperature  dependence  of  the 
SEB  threshold  is  then  calculated  for  a  typical  DMOS  device  in 
Section  V.  Finally,  conclusions  are  given  in  Section  VI. 
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n.  Burnout  Experiment 

The  IR6766  and  IRF150  n-channel  power  MOSFETs 
with  breakdown  voltages,  BV^^,  of  200  V  and  150  V,  respec¬ 
tively,  were  subjected  to  heavy  ion  bombardment  in  the  88-inch 
cyclotron  facility  at  Lawrence  Berkeley  Laboratories.  A 
monoenergetic  beam  of  380  McV  Kr  ions  at  a  fixed  LET  of  41 
MeV-cmVmg  was  used  to  characterize  the  devices.  The  devices 
were  de-lidded  prior  to  heavy  ion  exposure.  Each  test  was 
performed  until  a  total  fiuence  of  10’  ions/cm’  was  obtained,  or 
an  error  of  -  100  pulses  were  counted. 

The  ambient  device  temperature  was  maintained  using  the 
Lakshore  Thermal  Controller  DRC-93C.  The  temperature  con¬ 
troller  consisted  of  a  resistive  heater  and  thermal  sensors  con¬ 
nected  in  a  feedback  loop.  The  heater  and  sensors  were  attached 
directly  to  the  TO-240  package  of  the  device  under  test,  (DUT). 
It  was  determined  that  if  th-:  temperature  was  allowed  to  equili¬ 
brate  for  several  minutes,  the  temperature  was  very  uniform 
across  the  surface  of  the  chip.  This  provided  a  reliable  indication 
of  the  device  temperature. 

The  non-destructive  burnout  test  method  was  used  in 
order  to  obtain  SEB  cross-sections  for  a  given  device  type  [4, 5]. 
The  non-destructive  test  technique  employs  a  current  limiting 
resistor  in  the  drain  lead  of  the  DUT  so  that  the  drain-source 
current  can  not  rise  sufficiently  to  induce  second  breakdown  of 
the  parasitic  bipolar  transistor  and  consequently  burnout.  The 
current-limited  pulses  were  monitored  at  the  drain  terminal  of  the 
DUT  using  a  Tektronix  TEK-CTl  current  transformer.  SEB 
cross-section  measurements  were  made  by  varying  the  applied 
drain-source  voltage,  since  the  SEB  cross-section  increases  with 
increasing  drain-source  voltage.  The  SEB  cross-section  was 


found  by  the  usual  method  of  dividing  the  total  number  of 
nondestructive  current  pulses  per  device  by  the  beam  fiuence  to 
yield  units  of  cm’/device.  The  experimental  test  set-up  is  shown 
in  Figure  1. 

m.  EXPERIMENTAL  RESULTS 

SEB  cross-section  measurements  were  obtained  for  the 
devices  at  device  temperatures  of  300  K,  333  K,  353  K,  and 
373  K.  The  cross-section  versus  drain-source  voltage  for  the 
IR6766  and  IRF150  are  shown  in  Figures  2  and  3,  respectively. 
In  each  case,  the  threshold  for  burnout  increases  with  increas¬ 
ing  temperature.  Also  note  that  in  each  case,  for  a  given  applied 
drain-source  voltage,  the  SEB  cross-section  decreases  with  in¬ 
creasing  temperature.  Furthermore,  as  the  drain-source  bias 


Figure  2:  SEB  Cross-section  versus  and  temperature  for  the 
IR6766  power  MOSFET  (solid  lines  drawn  to  guide  the  eye). 
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Figure  3:  SEB  Cross-section  versus  and  temperature  for  the 
IRF150  power  MOSFET  (solid  lines  drawn  to  guide  the  eye). 

increases,  the  amount  of  change  in  the  cross-section  decreases. 
In  other  words,  the  burnout  susceptibility  decreases  with  increas¬ 
ing  temperature,  and  the  change  in  burnout  susceptibility  due  to 
temperature  decreases  with  increasing  drain-source  bias.  This 
can  be  explained  physically  through  the  dependence  of  the 
impact  ionization  rate  for  electrons  on  temperature  and  electric 
field.  The  impact  ionization  rate  for  electrons  decreases  with 
increasing  temperature  and  decreasing  electric  field.  The  data 
presented  in  Figures  2-3  are  consistent  with  previously  reported 
data  [6] .  These  points  and  their  relevance  to  the  SEB  mechanism 
will  be  explained  in  more  detail  in  the  next  section. 

IV.  BURNOUT  MODELING 

This  section  will  focus  on  the  physical  model  of  the 
burnout  mechanism.  First,  the  mechanism  leading  to  burnout  via 
the  turn  on  of  the  parasitic  bipolar  transistor  will  be  reviewed. 
Next,  the  manner  in  which  temperature  dependence  is  incorpo¬ 
rated  into  the  model  will  be  discussed. 

rVA.  Burnout  Mechanism  ofDMOS  Structure 

The  cross-section  of  one  cell  in  an  n-channel  DMOS 
power  transistor  is  shown  in  Figure  4.  A  positive  bias  applied  to 
the  gate  forms  an  inversion  layer  in  the  p-body  region  below  the 
gate  oxide,  allowing  electrons  to  flow  from  the  source  to  the 
drain.  Inherent  to  the  DMOS  structure  is  a  parasitic  npn  bipolar 


transistor,  as  shown  in  Figure  4.  The  source,  body,  and  drain 
regions  of  the  MOSFET  comprise  the  emitter,  base,  and  collectcs' 
regions  of  the  parasitic  BIT,  respectively.  In  normal  operation  of 
the  power  MOSFET,  this  parasitic  B  JT  is  always  turned  off.  This 
is  accomplished  by  the  common  source-body  metallization, 
which  shorts  out  the  base-emitter  junction  of  the  parasitic  BJT. 

If  lateral  current  flows  in  the  body  (base)  below  the  source 
(emitter)  region,  the  base-emitter  junction  becomes  forward 
biased  and  the  parasitic  BJT  turns  on.  Single-event  burnout  of  the 
DMOS  structure  has  been  attributed  to  the  turn  on  of  this  parasitic 
BJT  [3].  If  the  parasitic  BJT  is  turned  ON  when  the  MOSFET  is 
turned  OFF,  second  breakdown  of  the  BJT  and  hence  thermal 
meltdown  (burnout),  may  occur.  The  mechanism  leading  to  SEB 
will  now  be  discussed. 

Figure  4  shows  the  DMOS  structure  with  a  heavy  ion 
passing  through  the  parasitic  BJT.  As  the  heavy  ion  traverses  the 
device,  electron-hole  pairs  are  generated  along  its  track  length, 
creating  an  ionized  plasma  filament  This  plasma  filament 
supports  a  short-lived  current  source  in  which  holes  flow  up 
towards  ground  via  the  lateral  base  region,  and  electrons  flow 
down  towards  the  positively  biased  collector.  The  short-lived 
current  source  initially  drives  the  parasitic  BJT,  locally  turning 
on  one  cell  of  the  DMOS  structure  [7]. 

Depending  on  how  ‘hard’  the  BJT  is  initially  turned  ON, 
the  currents  within  the  device  will  either  regeneradvely  increase 
until  burnout  occurs,  or  the  currents  will  die  out  leaving  the 


Figure  4;  DMOS  structure  showing  parasitic  BJT  and  ion  track. 
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(c)  (d) 

Figure  5:  Components  in  feedback  mechanism;  (a)  electron 
injection;  (b)  avalanche  generated  holes;  (c)  base  current;  (d) 
base-emitter  voltage. 

device  unharmed.  A  feedback  mechanism  inherent  to  the  vertical 
structure  of  the  parasitic  BIT  will  determine  whether  the  currents 
will  regenerati vely  increase  or  die  out  The  feedback  mechanism 
consists  of  four  basic  components.  These  components  in  terms 
of  the  parasitic  BJT  are:  (1)  electron  injection  from  the  emiuer 
across  the  active  base  into  the  collector;  (2)  avalanche-generated 
hole  current  returning  from  the  collector  into  the  base;  (3) 
subsequent  lateral  hole  current  through  the  base  to  its  contacts; 
and  (4)  the  induced  base-emitter  voltage  resulting  from  the  lateral 
base  currenL  The  four  components  of  the  feedback  m^hanism 
are  illustrated  in  Figure  5. 

When  the  equations  governing  the  feedback  mechanism 
are  solved,  electron  and  hole  current  density  distributions  within 
the  parasitic  BJT  are  obtained  which  define  the  threshold  for 
burnout  [8].  The  current  densii  distributions  at  the  threshold  for 
burnout  are  called  the  critical  condition.  If  the  parasitic  BJT  is 
initially  driven  by  the  heavy-ion-generated  current  source  such 
that  currents  are  larger  than  the  critical  condition,  then  burnout 
occurs.  If  not,  then  the  currents  within  the  parasitic  BJT  die  out 
and  burnout  does  not  occur  [8]. 


It  should  be  noted  that  in  this  model  it  seems  that  the 
position  of  the  incident  ion  strike  may  influence  how  hard  the 
parasitic  BJT  is  driven.  Incidence  at  the  outer  edge  of  the  source 
region  is  worst  case  in  the  sense  that  an  incident  ion  with  the 
lowestLETcapableofinitiatingbupoutmuststrike there.  Atthe 
source  edge,  an  incident  ion  with  a  relatively  low  LET  may 
induce  burnout,  but  the  same  ion  could  not  induce  burnout  if  it 
were  incident  closer  to  the  ground  edge  of  the  source.  As  one 
moves  to  positions  more  interior  in  the  source  region,  incident 
ions  must  have  higher  and  higher  values  of  LET  to  initiate 
bumouL  Positions  more  interior  in  the  source  region  correspond 
to  larger  effective  sensitive  regions.  Experimental  cross-s  on 
versus  LET  curves  show  a  similar  trend  As  the  LET  oi  the 
incident  ion  is  increased,  the  measured  cross-section  increases. 
This  same  argument  can  be  made  with  the  cross-section  versus 
drain-source  bias  curves  for  a  constant  LET  that  are  given  in  this 
paper.  As  the  drain-source  bias  is  increased,  an  ion  with  the  same 
LET  can  strike  futher  into  the  source  region  and  still  initiate 
burnout.  Thus,  as  the  drain-source  bias  increases,  so  does  the 
sensitive  region. 

The  temperature  dependence  of  the  burnout  mechanism 
can  be  readily  introduced  into  this  feedback  mechanism  and  will 
now  be  outlined. 

IVb.  Temperature  Dependence 

In  the  foregoing  discussion,  it  should  be  emphasized  that 
the  primary  component  of  the  burnout  mechanism  is  the  base 
current  density  flowing  in  the  parasitic  BJT.  In  order  for  the 
parasitic  BJT  to  turn  on  and  remain  turned  on,  it  must  have  a 
source  of  base  current  Unlike  ‘normal’  BJT  operation,  the  base 
current  is  not  supplied  from  a  device  terminal;  rather,  the  base 
current  is  supplied  through  avalanche  multiplication  in  the  base- 
collector  space  charge  region  (SCR).  It  will  later  be  shown  that 
the  hole  current  generated  in  the  base-collector  SGI  is  a  function 
of  the  doping  density  and  thickness  of  the  collector  region,  the 
applied  drain-source  bias,  and  the  local  injected  electron  density 
[8].  In  the  following  discussion  on  the  temperature  dependence 
of  the  burnout  mechar^ism,  the  focus  will  be  on  the  base  current 
generated  through  avalanche  multiplication.  In  other  words,  the 
injected  electron  density  will  be  held  ‘constant’  as  a  function  of 
temperature,  and  the  change  of  avalanche  generated  holes  will  be 
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Figure  6:  (a)  idealized  doping  densities  in  base-collector  space 
charge  regions;  (b)  charge  densities  for  zero  and  nonzero  cur¬ 
rents;  and  (c)  electric  field  and  impact  ionization  rate  profiles  for 
zero  and  nonzero  currents. 


monitored  as  a  function  of  temperature.  This  is  equivalent  to 
accounting  for  the2-3mV/°C  decrease  ofbase-emitter  voltage  in 
the  parasitic  BJT. 

As  mentioned  previously,  the  avalanche  generate-'^  hole 
current  is  a  function  of  the  doping  density  and  thickness  of  the 
collector  region,  applied  drain-source  voltage,  and  the  local 
injected  electron  density  within  the  base-collector  space  charge 
region.  The  complete  details  for  calculating  the  avalanche 
generated  hole  current  appear  in  [8].  Only  the  major  points  will 
be  described  here. 

The  one  dimensional  Poisson  equation  is  solved  across  the 
base  collector  depletion  region  taking  into  account  the  space 
charge  associated  with  the  mobile  earners.  When  the  space 
charge  of  the  mobile  carriers  is  considered,  the  electric  field 
across  the  base  collector  space  charge  region  will  be  somewhat 
altered,  depending  on  the  density  of  mobile  charge  compared  to 
the  density  of  background  impurity  charge.  A  qualitative  illus¬ 
tration  of  how  the  electric  field  is  changed  is  shown  in  Figure  6 
[8].  An  idealized  impurity  profile  through  the  base,  collector ,  and 
substrate  of  the  parasitic  BJT  in  a  typical  power  MOSFET  is 
shown  in  Figure  6a.  The  two  cases  of  zero  and  non-zero  current 
are  depicted  in  Figures  6b  and  6c.  The  light  lines  correspond  to 


the  zero  current  case,  and  the  heavy  lines  correspond  to  the  non 
zero  current  case.  The  electric  field  and  ionization  rate  plots  are 
further  labelled  with  the  subscripts  0  and  1  to  disuuguish  between 
zero  and  non-zero  currents  respectively.  The  total  charge  density 
for  the  non-zero  current  case,  shown  in  Figure  6b,  has  changed  to 
reflect  the  electrons  in  transit  across  the  junction.  The  total 
charge  density  to  the  left  of  the  metallurgical  junction,  is  more 
negative  (the  electrons  add  to  the  total  charge),  and  the  total 
charge  density  to  the  right  of  the  metallurgical  junction  is  less 
positive  than  for  the  zero  current  case  (the  electrons  subtract  from 
the  total  charge). 

The  change  in  the  total  charge  density  is  also  reflected  in 
the  electric  field  distribution,  shown  in  Figure  6c.  Since  the  total 
charge  density  is  more  negative  to  the  left  of  for  non-zero 
current,  the  electric  field  in  this  region  will  have  a  steeper  slope 
than  for  the  zero  current  case.  This  effectively  lowers  the  peak 
electric  field  atx^and  movesx^to  the  right  Similarly,  since  the 
total  charge  density  is  less  positive  to  the  right  of  x^  for  non-zero 
current,  the  electric  field  in  this  region  will  have  a  lower  gradient 
than  for  the  zero  current  case.  Since  the  reverse  bias  for  each  case 
is  the  same,  the  area  under  each  electric  field  plot  must  be  equal. 
This  equal  area  constraint  and  the  lower  slope  to  the  right  of  x^, 
push  the  right  edge  of  the  electric  field,  x^ ,  deeper  into  the 
collector  region.  In  the  example  shown  in  Figure  6c,  x, ,  has 
reached  the  epi-substrate  boundary  at  which  point  the  electric 
field  can  penetrate  no  further.  The  electric  field  will  assume  a 
non-zero  value  at  the  epi-substrate  boundary  to  satisfy  the  equal 
area  constraint  imjxrsed  by  the  boundary  conditions  of  the 
Poisson  equation.  Therefore,  two  important  phenomena  occur  in 
the  reverse  biased  base  collector  junction  when  non-zero  current 
flows:  (1)  the  peak  electric  field  at  th :  metallurgical  junction 
decreases,  and  (2)  the  electric  field  assumes  a  non-zero  value  at 
the  epi-substrate  interface.  These  two  consequences  signifi¬ 
cantly  affect  the  avalanche  multiplication,  as  will  be  shown  later. 

The  impact  ionization  rate,  a,  throughout  the  depletion 
region  for  zero  and  non-zero  current  is  also  shown  in  Figure  6c. 
The  impact  ionization  rate,  a,  is  exponentially  related  to  the  local 
electric  field  [8].  This  is  why  the  value  of  a  decreases  signifi¬ 
cantly  when  the  peak  electric  field  drops  with  increasing  current 
The  avalanche  multiplication  rate,  Af,  significantly  decreases 
with  increasing  current  as  well.  The  functional  relationships 
between  carrier  densities,  electric  field,  ionization  rate,  applied 
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Figure  7:  Avalanche  curves  al  300K  for  100  V,  125  V,  150  V,  and 
175  V  for  device  with  nominal  breakdown  voltage  of  190  V. 


voltage,  and  the  physical  geometry  of  the  parasitic  BIT  must  be 
simultaneously  solved  to  determine  the  avalanche  multiplication 
rate,  i.e.,  the  density  of  avalanche  generated  holes  returning  to  the 
neutral  base  for  a  given  injected  electron  density. 

Recall  that  the  desired  result  is  the  hole  concentration  atx^, 
p(x^),  as  a  function  of  electron  concentration  at  ,  n(x^ ).  or 


Af  = 


(1) 


There  are  six  arrays  of  typically  300  points  used  in  the 
calculation  (the  depletion  region  is  discretized  into  300  points). 
These  arrays  are:  (1)  space  charge,  p(x);  (2)  electric  field,  £(x); 
(3)  potential,  V(x);  (4)  ionization  rate,  afx);  (5)  electron  concen¬ 
tration,  /i(x):  and  (6)  hole  concentiation.pfx).  Given  the  impurity 
profile,  the  applied  drain  to  source  voltage,  ,  and  the  electron 
concentration  at  x^ ,  the  profiles  of  p(x),E(x),V(x),  n(x),p(x),  and 
a(x)  are  calculated  for  self-consistency  [8]. 

The  equations,  sample  calculations  of  electric  field,  ion¬ 
ization  rate,  potential,  carrier  densities,  and  other  details  of  this 
calculation  appear  in  [8].  The  end  result  is  plotted  in  Figure  7, 
which  shows  the  calculated  avalanche  curves  for  a  device  with 
a  nominal  of  1 90  V.  There  are  three  distinct  regions  present 
in  each  avalanche  curve  shown  in  Figure  7.  The  first  region  is  the 
distinct  hump  appearing  for  values  of  n(x^lNg  <  1.  This  corre¬ 
sponds  to  an  initial  decrease  in  the  avalanching  rate  with  increas¬ 
ing  cunenL  The  second  region  is  the  valley  region  or  local 
minimum  appearing  for  values  of /j(x^W^ss  1.  This  corresponds 


to  a  near  zero  avalanching  rate  at  a  current  level  where  the 
injected  electron  density  and  collector  doping  density  are  compa¬ 
rable.  The  third  region  of  the  avalanche  curve  appears  for  values 
of  n(x^lNg  >  1,  where  the  hole  concentration  increases  at  ^ 
proximately  the  same  rate  as  the  electron  concentration. 

In  terms  of  the  feedback  mechanism  for  SEB,  the  appro¬ 
priate  value  for  Af  can  be  obtained  from  a  curve  similar  to  Figure 
7.  Note  that  it  is  necessary  to  calculate  a  separate  avalanche  curve 
for  each  device  structure  and  each  applied  drain-source  bias 
when  solving  the  equations  governing  the  feedback  mechanism. 

The  temperature  dependence  is  included  in  the  aforemen¬ 
tioned  calculation  via  the  impact  ionization  rate.  The  impact 
ionization  rate  (number  of  electron-hole  pairs  generated  per  unit 
path  length)  decreases  with  increasing  temperature  [9].  This  is 
attributed  to  the  shorter  mean  free  path  of  the  carriers.  Since  the 
impact  ionization  rate  is  used  explicitly  in  the  solution  to  the 
Poisson  equation,  the  avalanche-generated  hole  current  density 
decreases  with  increasing  temperature  for  the  same  injected 
electron  current  density  and  applied  drain-source  bias.  A  mea¬ 
sure  of  the  reduction  in  hole  current  density  is  shown  in  Figure  8. 
The  ratio  of  the  hole  density  retuning  to  the  base  at  4(X)  K,p^, 
and  the  hole  density  at  3(X)  ^,Pxo'  plotted  as  a  function  of  the 
electron  density,  n,  injected  into  the  base-collector  space  charge 
region  of  the  parasitic  BIT.  The  electron  density  has  been 
normalized  to  the  doping  density  in  the  collector,  Ng.  Note  that 
the  hole  density  at  400  K  ranges  from  30%  to  90%  of  the  hole 


Figure  8:  Ratio  of  avalanche  curves  at  400  K  and  300  K. 
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Figure  9:  Critical  electron  current  density  distribution  in  the 
collector  at  the  threshold  for  burnout  with  drain-source  bias  of 
150  Vat  BOOK  and  400  K. 


density  at  300  K  over  much  of  the  operating  region.  This 
reduction  of  the  source  of  base  current  at  higher  temperatures  is 
er^uivalent  to  an  increase  of  the  burnout  threshold  of  the  device 
(ie,  in  order  to  achieve  the  same  level  of  base  current,  the  electron 
current  density  in  the  collector  must  inaease).  The  calculated 
temperature  dependence  of  the  burnout  threshold  will  be  pre¬ 
sented  in  the  next  section. 

V.  Calculated  Temperature  Dependence 

The  relationships  governing  the  feedback  mechanism  can 
be  solved  to  yield  a  collector  current  density  distribution  at  the 
threshold  for  bumout,yg£.,  for  a  given  DMOS  device  structure  [8] . 
Figure  9  shows  the  threshold  plotted  against  position  in  the 
parasitic  BJT  for  temperatures  of  300K  and  400K.  These 
calculations  indicate  that  the  peaky^^  increases  from  8 1 .5  kA/cm* 
to  87.5  kA/cm*  when  the  temperature  increases  from  300K  to 
400K.  When  the  critical  collector  current  density  is  integrated 
around  one  cell  of  the  DMOS  structure,  a  critical  collectorcurrent 
for  burnout  is  obtained.  The  critical  collector  current  for  burnout, 
calculated  as  a  function  of  drain-source  voltage  and  for  ambient 
temperatures  of  300K  and  400K,  is  plotted  in  Figure  10.  The 
device  structure  used  in  these  calculations  has  a  nominal  break¬ 
down  voltage  of  190V.  The  device  structure  used  in  the  calcula¬ 
tions  is  similar  to  the  experimental  samples  only  in  the  sense  that 
they  each  have  simUar  values  of  B V^.  No  attempt  was  made  to 
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Figure  10:  Calculated  SEB  threshold  as  a  function  of  tempera- 
ture  and  drain-source  bias. 

determine  actual  dimensions  and  doping  distributions  of  the 
experimental  samples.  For  the  calculations,  the  average  doping 
densities  in  the  source,  p-body,p*-plug,  and  drain  region  are  1(F^ 
cm‘^  2x10” cm•^ 2x  10”  cm*’,  and 2xl0”cm lespecUvely.  The 
thickness  of  the  drain  region  is  13  pm.  As  shown  in  Figure  10, 
the  SEB  threshold  increases  with  increasing  temperature  and 
decreasing  voltage.  Note  that  an  increase  of  the  critical  current 
increases  the  SEB  threshold.  Furthermore,  the  increase  of  the 
SEB  threshold  is  more  pronounced  at  the  lower  dram-source 
biases.  Once  again,  this  is  a  result  of  the  temperature  and  electric 
field  dependence  of  the  impact  ionization  rate  for  electrons. 
Therefore,  the  SEB  threshold  has  increased  by  approximately 
2.9%  for  a  100  degree  temperature  increase  at  the  higher  drain- 
source  biases,  and  the  SEB  threshold  has  increased  by  approxi¬ 
mately  4.4  %  at  the  lower  drain-source  biases.  These  results  are 
consistent  with  the  experimental  trends  previously  discussed. 

VI.  SUMMARY  AND  CONCLUSIONS 

In  this  paper,  the  temperat*^re  dependence  of  SEB  in 
power  DMOS  devices  was  discussed.  Experimental  data  for  the 

IR6766  and  IRF150  power  MOSFETs  were  presented.  The  data 

indicate  a  definite  temperature  dependence  of  the  burnout  cross- 
section  and  in  the  threshold  value  of  drain-source  bias  required 
for  burnout.  Temperature  dependence  was  included  in  an  exist¬ 
ing  SEB  model  through  the  impact  ionization  rate,  and  the 
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calculated  results  agreed  with  the  experimental  trends. 

From  the  results  presented  in  this  paper,  one  can  conclude 
that  power  DMOS  devices  arc  more  resistant  to  SEB  when 
operated  at  an  elevated  temperature.  This  is  an  important  issue 
for  systems  that  may  be  operated  outside  of  the  300  K  regime  in 
the  space  radiation  environment 
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Atorac/— Heavy  ions  are  ubiquitous  in  a  space  environment. 
Single-event  burnout  of  power  MOSFET’s  is  a  sudden  cata¬ 
strophic  failure  mechanism  that  is  initiated  by  the  passage  of  a 
heavy  ion  through  the  device  structure.  The  passage  of  the 
heavy  ion  generates  a  current  filament  that  locally  turns  on  a 
parasitic  n-p-n  transistor  inherent  to  the  power  MOSFET.  Sub¬ 
sequent  high  currents  and  high  voltage  in  the  device  induce  sec¬ 
ond  breakdown  of  the  parasitic  bipolar  transistor  and  hence 
meltdown  of  the  device.  This  paper  presents  a  model  that  can 
be  used  for  simulating  the  burnout  mechanism  in  order  to  gain 
insight  into  the  significant  device  parameters  that  most  influ¬ 
ence  the  single-event  burnout  susceptibility  of  n-channel  power 
MOSFET’s. 


Nomenclature 

a  Impact  ionization  rate. 

E  Electric  field. 

€  Dielectric  constant  of  silicon 

/on  Current  that  turns  on  parasitic  bipolar  transistor. 

is  Local  base  current  density. 

Jec  Electron  current  density  in  collector. 

Incremental  hole  current  density  in  base. 

Jhc  Avalanche  generated  hole  current  density. 
jnE  Back-injected  hole  current  density  in  emitter. 
k  Boltzmann  constant. 

M  Avalanche  multiplication  factor. 

Electron  mobility. 
ftp  Hole  mobility. 

N  Total  number  of  carriers  per  unit  filament  length. 
Nbc  Background  concentration  in  collector. 
ill  Intrinsic  carrier  density. 

N^b  Average  doping  density  in  base. 
n  Electron  density. 
p  Hole  density. 
q  Electronic  charge. 

Rb  Base  sheet  resistance, 
p  Charge  density. 

Base-emitter  voltage. 

Vbi  Built-injunction  potential, 
i^sat  Saturation  velocity. 

Manuscript  received  November  21,  1991:  revised  June  24.  1992.  This 
work  was  supported  by  the  Defense  Nuclear  Agency  under  Contract 
DNA001-88-C0004.  The  review  of  this  paper  was  arranged  by  Associate 
Editor  T.  P.  Chow. 

The  authors  are  with  the  Depanmeni  of  Electrical  and  Computer  Engi¬ 
neering,  University  of  Arizona,  Tucson,  AZ  85721. 

IEEE  Log  Number  9208064. 


w  Epitaxial  region  thickness, 

Wb  Active  base  width. 

Metallurgical  junction. 

Xp  Base  edge  of  base-collector  space-charge  region. 

Lateral  extent  of  p"^  plug. 
yp  Position  of  p-body  and  plug  interface. 
y^  Length  of  source  region. 

L  Introduction 

HE  double-diffused  metal-oxide-semiconductor 
(DMOS)  power  device  is  capable  of  conducting  large 
currents  when  turned  on  and  withstanding  large  voltages 
when  turned  off  [i].  As  system  designers  began  using 
DMOS  devices  for  space  applications,  heavy-ion-induced 
single-event  burnout  (SEB)  was  identified  as  a  cata¬ 
strophic  failure  mechanism  [2].  Following  SEB,  the  drain 
and  source  contacts  of  the  MOSFET  are  typically  shorted 
together,  and  the  device  can  no  longer  function  as  a 
switch.  If  SEB  were  to  occur  in  the  power  supply  system 
of  a  satellite  or  a  high-altitude  aircraft,  the  results  could 
be  catastrophic. 

Since  heavy  ions  are  always  present  in  space  [3],  de¬ 
vices  operating  in  this  environment  should  be  designed  to 
be  immune  to  their  effects.  An  overview  of  the  SEB  mech¬ 
anism  in  the  DMOS  device  is  presented  in  Section  II  of 
this  paper.  It  will  be  shown  that  the  SEB  mechanism  can 
be  separated  into  two  parts:  1)  the  initial  heavy-ion-in- 
duced  current  filament  which  drives  the  parasitic  BJT,  and 
2)  the  feedback  mechanism  inherent  to  the  parasitic  BJT, 
The  heavy-ion-induced  current  filament  is  briefly  dis¬ 
cussed  in  Section  IE  of  this  paper.  The  feedback  mecha¬ 
nism  determines  whether  the  transient  currents  in  the  par¬ 
asitic  BJT  will  regeneratively  increase  until  burnout  occurs 
or  whether  the  currents  decrease  to  zero.  The  feedback 
mechanism  is  presented  in  Section  IV  of  this  paper  where 
the  operation  of  the  parasitic  BJT  is  discussed.  The  two 
parts  of  the  SEB  mechanism  are  then  combined  in  Section 
V  to  determine  the  SEB  threshold  in  terms  of  the  linear 
energy  transfer  (LET)  of  the  incident  ion  for  a  given  de¬ 
vice  structure  and  operating  conditions.  Finally,  conclu¬ 
sions  of  this  work  are  drawn  in  Section  VI. 

II.  Burnout  Mechanism 

The  cross  section  of  one  cell  in  an  n-channel  DMOS 
power  transistor  is  shown  in  Fig.  1.  Since  this  is  an 
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Fig.  1.  Cross  section  of  a  typical  DMOS  ceil. 


Fig.  2.  Parasitic  n-p-n  transistor  inherent  to  DMOS  structure. 


n-channel  device,  a  positive  gate  bias  will  invert  the  body 
region  under  the  gate,  and  enable  electrons  to  flow  from 
the  source  to  the  drain  in  each  of  the  cells  in  the  DMOS 
device.  Inherent  to  the  DMOS  structure  is  a  parasitic  n-p-n 
bipolar  transistor,  as  shown  in  Fig.  2.  The  source,  body, 
and  drain  regions  of  the  MOSFET  comprise  the  emitter, 
base,  and  collector  regions  of  the  parasitic  BJT,  respec¬ 
tively.  In  normal  operation  of  the  power  MOSFET,  this 
parasitic  BJT  is  always  turned  off.  This  is  accomplished 
by  the  common  source-body  metallization,  which  shorts 
out  the  base-emitter  junction  of  the  parasitic  BJT. 

If  lateral  current  flows  in  the  body  (base)  below  the 
source  (emitter)  region,  the  base-emitter  Junction  can  be¬ 
come  forward-biased  and  the  parasitic  BJT  can  turn  on. 
If  the  parasitic  BJT  turns  on  while  the  power  MOSFET  is 
in  the  DFF-state,  the  simultaneous  high  current  and  high 
voltage  may  induce  second  breakdown,  hence  thermal 
meltdown.  This  was  the  motivation  for  the  prominent  pi¬ 
ping  region  of  the  DMOS  structure  [4].  Many  power 
MOSFET  applications  require  the  device  to  switch  cur¬ 
rents  through  highly  inductive  loads.  This  can  result  in 
large  current  spikes  while  in  the  OFF-state.  These  current 
spikes  are  directed  through  the  p'^-plug  regions  and  not 
through  the  parasitic  BJT  because  of  the  lower  impedance 
path.  This  prevents  second  breakdown  of  the  parasitic 
BJT,  and  hence  damage  to  the  power  MOSFET,  when 
switching  inductive  loads. 

Single-event  burnout  of  the  DMOS  structure  has  been 
attributed  to  this  parasitic  BJT  [5].  The  mechanism  lead¬ 
ing  to  SEB  will  now  be  briefly  discussed.  Fig.  3  shows 
the  DMOS  structure  with  a  heavy  ion  passing  through  the 
parasitic  BJT.  As  the  heavy  ion  traverses  the  device,  elec¬ 
tron-hole  pairs  are  generated  along  its  track  length  cre¬ 
ating  an  ionized  plasma  filament.  This  plasma  filament 
supports  a  short-lived  current  source  in  which  holes  flow 
up  towards  ground  via  the  lateral  base  region,  and  elec¬ 
trons  flow  down  towards  the  collector.  The  short-lived 
current  source  initially  drives  the  parasitic  BJT  locally 
turning  on  one  cell  of  the  DMOS  structure  [6]. 

Depending  on  how  “hard”  the  BJT  is  initially  turned 
ON^  the  currents  within  the  device  will  either  regenera- 
tively  increase  until  burnout  occurs,  or  the  currents  will 
die  out  leaving  the  device  unharmed.  A  feedback  mech¬ 
anism  inherent  to  the  vertical  structure  of  the  parasitic  BJT 
will  determine  whether  the  currents  will  increase  or  de¬ 
crease.  The  feedback  mechanism  consists  of  four  basic 


Fig.  3.  DMOS  structure  with  heavy-ion  track. 


components.  These  components  in  terms  of  the  parasitic 
BJT  are  1)  electron  injection  from  the  emitter  across  the 
active  base  into  the  collector,  2)  avalanche-generated  hole 
current  returning  from  the  collector  into  the  base;  3)  sub¬ 
sequent  lateral  hole  current  through  the  base  to  its  con¬ 
tacts;  and  4)  the  induced  base-emitter  voltage  resulting 
from  this  lateral  base  current.  The  details  of  each  part  in 
the  SEB  mechanism  will  be  discussed  in  the  sections  to 
follow. 

III.  Heavy-Ion-Induced  Current  Filament 
The  parasitic  BJT  is  turned  on  by  a  localized  current 
source  generated  by  the  passage  of  the  heavy  ion.  This 
heavy-ion-generated  current  filament  will  be  referred  to 
as  the  initial  current  source  henceforth.  A  simple  model 
that  discusses  the  time  evolution  of  the  initial  current 
source  is  given  in  [5].  In  this  model,  the  evolution  of  the 
current  source  is  govenied  by  the  radial  diffusion  of  the 
filament.  This  model  serves  as  a  first-order  analysis,  and 
its  intent  is  to  lend  basic  insight  into  this  phenomenon.  A 
more  detailed  description  of  the  current  filament  evolution 
certainly  merits  an  investigation  in  itself.  As  developed 
in  [5],  the  resulting  current  that  drives  the  parasitic  BJT 
in  terms  of  the  energy  deposited  by  the  heavy  ion  is  ex¬ 
pressed  as 

Ion  =  qV^,N.  (1) 

IV.  Parasitic  BJT  Operation 

This  section  will  address  the  operation  of  the  parasitic 
BJT  following  an  ion  strike.  First,  the  feedback  mecha- 
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nism  that  governs  whether  the  currents  within  the  para^ 
sitic  BJT  will  regeneratively  increase  or  die  out  to  zero 
will  be  discussed.  In  the  development  of  the  feedback 
mechanism,  it  will  become  apparent  that  an  expression  for 
avalanche-generated  hole  current  in  the  base-collector 
space-charge  region  of  the  parasitic  BJT  is  necessary.  This 
relationship  will  be  described  in  the  second  subsection. 


A,  Feedback  Mechanism 

Depending  on  how  hard  the  parasitic  BJT  is  initially 
turned  on,  currents  within  the  device  will  either  1)  regen¬ 
eratively  increase  until  the  simultaneous  high  current  and 
high  voltage  in  the  device  trigger  second  breakdown  and 
consequently  thermal  meltdown;  or  2)  the  currents  will 
die  out  to  zero  leaving  the  device  unharmed.  A  feedback 
mechanism  inherent  to  the  device  structure  dictates 
whether  the  currents  will  regeneratively  increase  or  de¬ 
crease. 

The  feedback  mechanism  relates  1)  electron  injection 
from  the  emitter  across  the  active  base  into  the  collector; 
2)  avalanche-generated  hole  current  returning  from  the 
collector  into  the  base;  3)  subsequent  lateral  hole  current 
through  the  base  to  its  contacts;  and  4)  the  induced  base- 
emitter  voltage  resulting  from  this  lateral  base  current  [7] . 
The  equations  governing  the  feedback  mechanism  will 
now  be  discussed. 

The  coordinate  system  for  this  discussion  is  shown  in 
Fig.  4.  The  origin  is  defined  at  the  point  of  the  ion  strike, 
which  is  assumed  to  be  at  the  drain  edge  of  the  MOSFET 
channel.  The  regions  labeled  £,  B,  and  C  are  the  emitter, 
base,  and  collector  of  the  parasitic  BJT.  The  region  Rsz 
in  the  base  is  the  p'^-plug  region,  and  the  region  Rq^  is  the 
p-body  region.  The  length  of  the  source  region  in  the  y 
direction  is  defined  as  y^,  and  the  p-body  p^-plug  inter¬ 
face  is  defined  as  yp.  The  extent  that  the  p^-plug  extends 
under  the  n'^-source  region,  y^,  is  defined  as  the  difference 
between  y^  and  y^. 

Now,  assuming  a  potential  Vesiy)  exists  that  is  large 
enough  to  locally  turn  on  the  parasitic  BJT,  the  electron 
current  density  injected  by  the  emitter  ;£c(y)  can  be  ex¬ 
pressed  to  first  order  by  [8] 


Jeciy)  ~ 


Nab^b  ^lkT/q_' 


(2) 


Note  that  this  current  density  is  not  shown  in  Fig.  4  to 
avoid  confusion. 

Since  the  base-collector  junction  has  a  large  reverse 
bias  applied  across  it,  the  electric  field  will  be  large 
throughout  much  of  the  collector  region.  Therefore,  for 
each  electron  injected  across  the  base  into  the  collector, 
there  will  be  avalanche-generated  holes  returning  to  the 
base  region.  The  avalanche-generated  hole  current  den¬ 
sity  ;hc(J)  is  given  by  [7] 


^  BE 
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Fig.  4.  Feedback  model  of  parasitic  bipolar  junction  transistor. 


The  multiplication  factor  M  in  (3)  is  defined  as  the  ratio 
of  the  hole  density  to  the  electron  density  at  the  base  side 
of  the  base-collector  space-charge  region.  M  is  a  function 
of  the  electric  field,  ionization  rate,  and  the  injected  elec¬ 


tron  density,  and  is  obtained  numerically  [7].  The  multi¬ 
plication  factor  M  will  be  discussed  later  in  this  section. 
The  term  within  the  curly  brackets  in  (3)  is  the  electron 
density  at  the  base  edge  of  the  base-collector  space-charge 
region,  including  the  Kirk  effect  [9]. 

Due  to  the  forward  bias  kg£(y)»  there  also  exists  a  back- 
injected  hole  current  density  7V/£(y).  This  current  density 
is  expressed  to  first  order  by  [8] 


VBEiy) 

kT/a 


(4) 


There  is  one  remainirig  current  in  the  feedback  mech¬ 
anism  to  be  described.  This  is  the  incremental  hole  cur¬ 
rent  density  which  flows  laterally  through  the  neutral  base 
region  to  the  ground  contact  and  develops  the  Ohmic  drop 
necessary  to  keep  the  base-emitter  junction  fo ward- 
biased.  The  value  of  this  incremental  current  density 
inaiy)  at  any  point  y  is  simply  the  difference  between  the 
avalanche-generated  hole  current  density  and  the  back-in¬ 
jected  hole  current  density,  which  is 

jHaiy)  =  jnciy)  jnciy)- 


A  second-order  differential  equation  can  be  formulated 
that  relates  the  Ohmic  drop  to  the  current  density  in  the 
neutral  base  region  [7].  First,  the  incremental  lateral  base 
current  is  just  the  local  incremental  base  current  density 


diaiy) 

dy 


==jHB(y)- 


Second,  the  incremental  voltage  drop  is  given  by 


(6) 


=  -RB(y)iBiy)-  0) 

dy 

Equations  (6)  and  (7)  can  be  combined  to  give 

=  -li.(.y)h.(y)-  (8> 

dy- 

Equations  (3)-(5)  and  (8)  can  be  solved  to  obtain  a  crit¬ 
ical  condition  necessary  to  initiate  burnout  [7].  This  cal¬ 
culation  will  be  illustrated  for  a  specific  device  structure. 
Note  that  this  calculation  will  involve  numerically  ob¬ 
tained  values  of  the  avalanche  multiplication  factor  .V/. 
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The  critical  condition  will  now  be  calculated  for  a  typ- 
ical  DMOS  structure.  The  following  parameters  are  used 
in  the  calculations:  source  doping  density  =_  2  x  10 
cm”^,  p-body  doping  density  =  2  x  lO'  cm  ,  p  -plug 
doping  density  =  2  X  lO'®  cm~\  drain  doping  density  = 
1.1  X  lO'^  cm“^,  source  diffusion  depth  =  1  p-body 
diffusion  depth  =  2  iim,  p*-plug  diffusion  depth  =  4  /xm, 
and  epitaxial  layer  thickness  =  22  /xm.  The  average  dop¬ 
ing  densities  needed  in  this  abrupt  junction  calculation 
were  obtained  from  Gaussian-type  doping  profiles. 

The  solution  to  (3)-(5)  and  (8)  is  shown  in  Figs.  5-7. 
The  collector  bias  for  this  case  is  250  V.  Shown  in  Fig. 

5  is  the  incremental  hole  current  density  profile  in  the  base 
region.  The  base  current  per  gate  width  is  shown  in  Fig. 
6,  and  the  base-emitter  voltage  is  shown  in  Fig.  7.  These 
curves  represent  the  critical  condition  for  burnout  because 
any  heavy-ion-generated  perturbation  in  the  system  larger 
than  that  given  in  Figs.  5-7  will  result  in  regeneratively 
increasing  currents  within  the  device  and  thus  burnout  will 
occur  [7].  If  the  heavy-ion-generated  perturbation  is  less 
than  that  given  in  Figs.  5-7,  the  currents  will  decay  to 
zero  and  burnout  will  not  occur. 

B.  Avalanche-Generated  Holes 

This  section  of  the  paper  will  discuss  the  avalanche 
multiplication  factor  M,  which  appears  in  the  equations 
governing  the  feedback  mechanism.  As  mentioned  pre¬ 
viously,  A/  is  a  function  of  the  electric  field,  impact  ion¬ 
ization  rate,  and  electron  density  within  the  base-collec¬ 
tor  space-charge  region.  The  complete  details  of  this 
calculation  appear  in  [7].  Only  the  major  points  will  be 
described  here.  The  one-dimensional  Poisson  equation 
will  be  solved  across  the  base-collector  depletion  region 
taking  into  account  the  space  charge  associated  with  the 

mobile  carriers.  . 

When  the  space  charge  of  the  mobile  carriers  is  consid¬ 
ered,  the  electric  field  across  the  base  collector  space- 
charge  region  will  be  somewhat  altered,  depending  on  the 
density  of  mobile  charge  compared  to  the  density  of  back¬ 
ground  impurity  charge.  A  qualitative  illustration  of  how 
the  electric  field  is  changed  is  shown  in  Fig.  8  [7].  An 
idealized  impurity  profile  through  the  base,  collector,  and 
substrate  of  the  parasitic  BJT  in  a  typical  power  MOSFET 
is  shown  in  Fig.  8(a).  The  two  cases  of  zero  and  nonzero 
current  are  depicted  in  Fig.  8(b)  and  (c).  The  light  lines 
correspond  to  the  zero  current  case,  and  the  heavy  lines 
correspond  to  the  nonzero  current  case.  The  electnc  field 
and  ionization  rate  plots  are  further  labeled  with  the  sub¬ 
scripts  0  and  1  to  distinguish  between  zero  and  nonzero 
currents,  respectively.  The  total  charge  density  for  the 
nonzero  current  case,  shown  in  Fig.  8(b),  has  changed  to 
reflect  the  electrons  in  transit  across  the  junction.  The  to¬ 
tal  charge  density  to  the  left  of  the  metallurgical  junction 
X  is  more  negative  (the  electrons  add  to  the  total  charge), 
and  the  total  charge  density  to  the  right  of  the  metallurg¬ 
ical  junction  is  less  positive  than  for  the  zero  current  case 
(the  electrons  subtract  from  the  total  charge). 
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Fig.  5.  Critical  incremental  base  current  density  for  burnout. 


y  I  uni] 


Fig.  6.  Critical  base  current  density  for  burnout. 
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Fig.  8.  (a)  Approximated  p-n-n*  impurity  profile,  (b)  Charge  densit\  in 
space-charge  region  for  zero  and  nonzero  currents.  (ci  Electnc  field  and 
ionization  rate  in  space-charge  region  for  zero  and  nonzero  currents. 
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The  change  in  the  total  charge  density  is  also  reflected 
in  the  electric  field  distribution,  shown  in  Fig.  8(c).  Since 
the  total  charge  density  is  more  negative  to  the  left  of 
for  nonzero  current,  the  electric  field  in  this  region  will 
have  a  steeper  slope  than  for  the  zero  current  case.  This 
eflfeciively  lowers  the  peak  electric  field  at  and  moves 
Xp  to  the  right.  Similarly,  since  the  total  charge  density  is 
less  positive  to  the  right  of  x„  for  nonzero  current,  the 
electric  field  in  this  region  will  have  less  of  a  gradient  than 
for  the  zero  current  case.  Since  the  reverse  bias  for  each 
case  is  the  same,  the  area  under  each  electric  field  plot 
must  be  equal.  This  equal  area  constraint  and  the  lower 
slope  to  the  right  of  push  the  right  edge  of  the  electric 
field  x„  deeper  into  the  collector  region.  In  the  example 
shown  in  Fig.  8(c),  x^  has  reached  the  epi-substrate 
boundary  at  which  point  the  electric  field  can  penetrate  no 
further.  The  electric  field  will  assume  a  nonzero  value  at 
the  epi-substrate  boundary  to  satisfy  the  equal  area  con¬ 
straint  imposed  by  the  Poisson  equation.  Therefore,  two 
important  phenomena  occur  in  the  reverse-biased  base- 
collector  junction  when  nonzero  current  flows:  1)  the  peak 
electric  field  at  the  metallurgical  Junction  decreases,  and 
2)  the  electric  field  assumes  a  nonzero  value  at  the  epi- 
substrate  interface.  These  two  consequences  significantly 
affect  the  avalanche  multiplication,  as  will  be  shown  later. 

The  impact  ionization  rate  a  throughout  the  depletion 
region  for  zero  and  nonzero  current  is  also  shown  in  Fig. 
8(c).  The  functional  dependence  of  a  is  exponentially  re¬ 
lated  to  the  local  electric  field.  This  is  why  the  value  of 
a  decreases  significantly  when  the  peak  electric  field  drops 
with  increasing  current.  We  would  expect  the  avalanche 
multiplication  rate  to  significantly  decrease  with  increas¬ 
ing  current  as  well.  The  functional  relationships  between 
carrier  densities,  electric  field,  ionization  rate,  applied 
voltage,  and  the  physical  geometry  of  the  parasitic  BIT 
must  be  simultaneously  solved  to  more  precisely  deter¬ 
mine  the  avalanche  multiplication  rate. 

Recall  that  the  desired  result  is  the  hole  concentration 
at  Xp,  p(Xp),  as  a  function  of  electron  concentration  at  Xp, 
n(Xp),  or 


n{Xp) 


(9) 


There  are  six  arrays  of  typically  300  points  used  in  the 
calculation  (i.e.,  the  space-charge  region  is  discretized 
into  300  intervals).  These  arrays  are:  1)  space  charge, 
p(.r);  2)  electric  field  £(x);  3)  potential,  Vix);  4)  ioniza¬ 
tion  rate  a  (a:);  5)  electron  concentration  n  (.r);  and  6)  hole 
concentration  /?(j:).  Given  the  impurity  profile,  the  ap¬ 
plied  drain  to  source  voltage  and  the  electron  con¬ 
centration  at  Xp,  the  profiles  of  p(jc),  £(x),  V{x),  n{x), 
p{x),  and  a(jc)  are  calculated  for  self-consistency  [7]. 

The  equations,  sample  calculations  of  electric  field, 
ionization  rate,  potential,  carrier  densities,  and  other  de¬ 
tails  of  this  calculation  appear  in  [7].  The  end  result  is 
plotted  in  Fig.  9.  There  are  three  distinct  regions  present 
in  each  avalanche  curve  shown  in  Fig.  9.  The  first  region 


Fig.  9.  Avalanche  curves:  normalized  hole  concentration  at.r^  versus  nor¬ 
malized  electron  concentration  at  Xp,  for  different  values  of  VDS. 


is  the  distinct  hump  appearing  for  values  of  n(Xp)/ND  < 
1.  This  corresponds  to  an  initial  decrease  in  the  avalanch¬ 
ing  rate  with  increasing  current.  The  second  region  is  the 
valley  region  or  local  minimum  appearing  for  values  of 
n(Xp) /No  =  1.  This  corresponds  to  a  near-zero  avalanch¬ 
ing  rate  at  a  current  level  where  the  e:  :tron  density  and 
collector  doping  density  are  comparable.  The  third  region 
of  the  avalanche  curve  appears  for  values  of  n{Xp)/No  > 
1,  where  the  hole  concentration  increases  at  approxi¬ 
mately  the  same  rate  as  the  electron  concentration. 

In  terms  of  the  feedback  mechanism  for  SEB,  the  ap¬ 
propriate  value  for  M  can  be  obtained  from  a  curve  similar 
to  Fig.  9.  Note  that  it  is  necessary  to  calculate  a  separate 
avalanche  curve  for  each  device  structure  and  each  ap¬ 
plied  drain-source  bias  when  solving  the  equations  gov¬ 
erning  the  feedback  mechanism. 

V.  Calculated  Burnout  THRESH'r^Los 

Now  that  each  part  of  the  model  has  been  developed, 
the  burnout  threshold  for  a  particular  device  may  be  cal¬ 
culated.  The  burnout  threshold  will  be  defined  in  terms  of 
the  linear  energy  transfer  (LET)  of  the  incident  ion.  For 
a  first-order  analysis,  LET  is  the  stopping  power  divided 
by  the  volume  mass  density  of  the  target  material  (i.e.. 
silicon  in  this  case)  [8].  The  LET  will  be  expressed  in 
units  of  MeV  •  cm“/mg  for  these  calculations. 

It  is  necessary  to  compare  the  magnitude  of  the  current 
in  the  plasma  filament  at  time  /on  with  the  critical  condi¬ 
tion  for  burnout  given  by  the  feedback  mechanism.  Given 
the  profile  in  Fig.  7,  one  can  readily  calculate  the 
corresponding  electron  current  density  in  the  collectory^c- 
This  is  shown  in  Fig.  10.  To  find  the  electron  current  in 
the  collector  given  by  the  feedback  mechanism,  the  cur¬ 
rent  density  shown  in  Fig.  10  must  be  integrated  over  one 
ceil  in  the  DMOS  structure.  A  top  view  of  the  DMOS 
structure  is  shown  in  Fig.  11  for  a  square -cell  geometry. 
An  actual  DMOS  device  may  incorporate  a  different  cell 
geometry  (i.e.,  hexagonal),  but  a  square  geometry  is  suf¬ 
ficient  for  this  discussion. 

The  integration  of  the  electron  current  density  in  the 
collector  over  the  DMOS  cell  is  approximated  in  the  fol¬ 
lowing  manner.  First,  the  current  density  is  numerically 
integrated  in  the  y  direction  of  Fig.  10.  This  result  is  then 
multiplied  by  the  perimeter  of  the  n'^-source  region  shown 
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Fig.  10.  Critical  collector  current  density  for  burnout. 
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Fig.  11.  Top  view  of  a  DMOS  cell  with  metallization  and  gate  regions 
omined. 


in  Fig.  11.  This  perimeter  will  equal  120  /xm  in  the  fol- 
lowing  calculations.  The  current  that  is  calculated  in  this 
fashion  is  defined  as  the  critical  current  for  burnout.  In 
other  words,  if  the  ion  strike  results  in  a  current  greater 
than  the  critical  current,  then  the  transient  currents  within 
the  parasitic  BIT  will  regeneratively  increase  until  second 
breakdown  sets  in.  If  the  ion  strike  results  in  an  initial 
current  less  than  the  critical  current,  then  the  transient 
cunents  within  the  parasitic  BIT  will  die  out  to  zero. 

The  following  algonthm  is  used  to  calculate  the  LET 
burnout  threshold  for  a  given  DMOS  structure:  1)  Given 
the  structural  parameters  and  drain-source  voltage,  the 
critical  condition  is  calculated  as  in  Section  IV-A.  2) 
Given  the  critical  condition,  the  critical  electron  current 
density  in  the  collector  is  calculated.  3)  Given  the  critical 
collector  current  density,  the  critical  current  is  calculated 
as  described  above.  4)  Equation  (1)  is  used  to  calculate 
the  LET  necessary  to  initiate  the  critical  current.  A  non¬ 
ideal  scaling  factor  y  can  be  introduced  at  this  point.  This 
factor  may  be  used  to  scale  part  4)  in  the  above  algonthm 
when  comparing  to  part  3).  In  this  fashion,  the  model  can 
be  fitted  to  measured  data.  The  device  structure  that  will 
be  used  in  the  following  calculation  is  that  used  for  find- 
in*^  the  critical  condition  in  Section  IV-A,  with  one  ex¬ 
ception.  The  lateral  extent  of  the  p"  plug  y,  where 


(i.e.,  the  length  that  it  extends  under  the  n*  source  as 
shown  in  Fig.  4)  will  be  varied.  For  example,  y^  =  0  Mtti 


i  ti  b  i.:  r  K .  \  i  .A  c  I  t  i '  N  .>  . \  ^  .  t\ '  •  r  -  . ' -  >  ■ , 

means  that  the  p*  plug  does  not  extend  under  the  source 
region  and  =  5  means  that  the  p  plug  extends  5 
^m  under  the  source  region. 

The  LET  burnout  threshold  is  calculated  as  a  function 
of  ye  and  Vos  using  the  algorithm  above  with  7  =  0.2. 
The  results  of  this  calculation  are  shown  in  Fig.  12,  where 
y^  is  varied  from  0  to  8  fitn  and  Vqs  is  varied  from  150  to 
290  V. 


VI.  Discussions  and  Conclusions 

The  information  contained  in  Fig.  12  can  be  helpful  in 
designing  a  DMOS  device  to  be  more  resistant  to  SEE. 
The  LET  burnout  threshold  for  a  given  device  structure 
increases  with  increasing  7^  for  a  fixed  drain-source  bias. 
As  one  increases  the  extent  that  the  p*^  plug  extends  under 
the  source  (emitter),  i.e.,  increases  >v,  the  total  resistance 
seen  in  the  base  region  of  the  parasitic  BJT  decreases. 
When  incorporated  into  the  feedback  mechanism,  this  ne¬ 
cessitates  higher  current  densities  in  the  base  region  for 
the  critical  solution  (i.e.,  the  lower  resistance  requires  a 
higher  current  to  drop  a  comparable  voltage).  This  sug¬ 
gests  that  p*^  plug  should  extend  as  far  as  possible  below 
the  source  region  to  prevent  burnout.  The  p^  plug  cannot 
extend  so  far  as  to  influence  the  threshold  voltage  of  the 
MOSFET,  however.  The  base  resistance  of  the  parasitic 
BJT  can  also  be  influenced  by  the  length  of  the  n^  source. 
As  the  length  of  the  n*^  source  is  decreased,  the  base  re¬ 
sistance  is  also  decreased.  Therefore,  the  LET  burnout 
threshold  increases  with  shorter  n"" -source  lengths.  The 
burnout  susceptibility  as  a  function  of  base  resistance  has 
been  shown  experimentally  for  the  case  of  power  bipolar 
junction  transistors.  Since  power  BJT’s  have  a  vertical 
structure  almost  identical  to  that  of  the  power  MOSFET, 
the  burnout  mechanism  is  the  same.  It  was  shown  that  as 
the  base  resistance  of  the  power  BJT  was  reduced,  the 
burnout  susceptibility  was  reduced  [10]. 

Fig.  12  also  indicates  that  the  LET  burnout  threshold 
decreases  with  increasing  drain-source  bias  for  a  given 
device  structure  with  held  constant.  This  is  due  to  the 
higher  electric  fields  associated  with  the  increased  drain- 
source  bias.  Higher  electric  fields  increase  the  impact  ion¬ 
ization  rate  and  hence  the  avalanche-generated  hole  cur¬ 
rent  that  flows  to  the  base  region  from  the  collector  region 
of  the  parasitic  BJT  (i.e.,  more  current  is  generated  within 
the  device  for  the  same  base-emitter  bias).  Therefore, 
when  included  in  the  feedback  mechanism,  the  current  re¬ 
quired  to  initiate  burnout  decreases  with  increasing  drain- 
source  bias.  Note  that  the  drain-source  bias  dependence 
on  the  LET  burnout  threshold  is  less  than  the  parasitic 
base  resistance  dependence.  The  drain-source  bias  depen¬ 
dence  on  the  burnout  susceptibility  of  power  MOSFET  s 
has  been  shown  experimentally  [11].  Fig.  13  shows  the 
single-event  burnout  cross  section  versus  the  applied 
drain-source  bias  for  the  IRF150  n-channel  pow'er  MOS¬ 
FET.  In  this  experiment,  the  nondestructive  test  tech¬ 
nique  was  employed  and  a  monoenergetic  beam  of  41 
MeV  •  cm" /mg  Kr  ions  was  used  to  irradiate  the  device. 
The  cross  sections  were  obtained  by  dividing  the  total 


20 


JOHNSON  fr  a/..  SINGLF.  EVENT  BLRNOLT  OF  n-CHANNEL  POWER  MOSFET'S 


55 
_50 
J  45 
S  40 
>  J5 
£30 
g  25 
""  20 
15 

0  1  2  3  4  5  6  7  8 

Extent  of  p'^plug  [pm] 

Fig.  12.  LET  burnout  threshold  as  a  function  of  and  ^DS 
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Fig.  13.  Single-event  burnout  cross  section  versus  applied  drain-source 
bias  irradiated  with  41  MeV  •  cm"/mg  krypton  ions. 


n-channel  power  MOSFET's  with  a  low-er  sensitivity  to 
single-event  burnout. 
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number  of  nondestructive  events  by  the  total  ion  fiuence 
seen  by  the  device  [11].  Therefore,  the  cross  section  is  a 
measure  of  the  likelihood  that  single-even  burnout  will 
occur.  Note  that  as  the  drain-source  bias  is  increased,  the 
single-event  burnout  cross  section  also  increases.  This  is 
in  agreement  with  the  simulated  results. 

In  summary,  a  method  for  analyzing  single-event  burn¬ 
out  of  n-channel  power  MOSFET’s  has  been  described. 
The  purpose  and  merits  of  this  model  are  intended  to  lend 
insight  into  the  key  device  parameters  and  operating  con¬ 
ditions  that  determine  the  single-even  burnout  vulnerabil¬ 
ity  of  a  given  n-channel  power  MOSFET.  It  was  shown 
that  the  feedback  mechanism,  which  related  transient  cur¬ 
rents  and  voltages  in  the  parasitic  BJT,  could  be  solved 
for  a  critical  solution  for  burnout.  If  the  currents  given  by 
the  critical  solution  are  exceeded  by  the  heavy-ion-gen¬ 
erated  current  source  at  the  tum-on  time  of  the  parasitic 
BJT,  then  currents  would  regeneratively  increase.  The 
simultaneous  increasing  high  currents  and  voltages  trigger 
second  breakdown  of  the  bioplar  and  finally  meltdown  of 
the  DMOS  structure.  If  the  initial  current  source  does  not 
exceed  the  currents  given  by  the  critical  solution,  then  the 
transient  currents  in  the  parasitic  BJT  will  die  out  to  zero. 
Finally,  the  simulation  results  indicate  that  the  LET  burn¬ 
out  threshold  increases  with  decreasing  base  resistance 
(either  by  extending  the  p^  plug  further  under  the  source 
region,  or  by  decreasing  the  n'^-source  length),  and  that 
the  LET  burnout  threshold  decreases  with  increasing 
drain-source  bias.  The  concepts  can  be  used  to  design 
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Abstract 

For  the  first  time,  this  paper  investigates  the  time-depen¬ 
dent  mechanisms  involved  in  single-event  burnout  (SEB ) .  SEB 
of  power  metal-oxide-semiconductcH*  field-effect  transistors 
(MOSFETs)  is  acatastrophic  failure  mechanism  initiated  by  the 
passage  of  aheavy  ion  through  the  device  structure.  In  previous 
work,  analytical  models  have  been  developed  to  explain  the 
regenerative  feedback  mechanism  that  induces  second  break¬ 
down  of  the  parasitic  bipolar  junction  transistor  (BIT).  In  this 
paper,  a  first  order  dynamic  model  is  presented  to  lend  insight 
into  the  tum-on  of  the  parasitic  BJT  by  the  heavy  ion. 

I.  Introduction 

This  paper  clearly  describes,  for  the  first  time,  the  time- 
dependent  mechanisms  involved  in  single-event  burnout  (SEB ). 
SEB  is  triggered  when  a  single  heavy  ion  passes  through 
sensitive  regions  n-channel  power  metal-oxide-semiconduc- 
tor  field-effect  transistors  (MOSFETs)  or  npn  power  bipolar 
junction  transistors  (BJTs)  [1-7].  Previous  work  has  focused  on 
developing  an  analytical  model  that  explains  the  regenerative 
burnout  mechanism,  but  has  neglected  the  turn-on  process  of 
the  parasitic  bipdar  transistor.  This  paper  shows  th^  the  time 
constant  of  the  bipolar  transistor  plays  a  critical  role  in  deter¬ 
mining  burnout  thresholds. 

A  cross-section  showing  the  vertical  structure  of  a  typical 
double-difiiised  MOS  (DMOS)  n-channel  power  MOSFET  is 
shown  in  Hgure  1  [8].  The  power  MOSFET  is  vulnerable  to 
SEB  only  when  it  is  turned  OFF  and  when  it  is  blocking  a  large 
drain-source  voltage,  as  shown  in  Figure  1 .  Inherent  to  the 
power  DMOS  structure  is  a  parasitic  BJT.  The  source,  body, 
and  drain  regions  of  the  power  MOSFET  form  the  emitter,  base, 
and  collector  regions  of  the  power  BJT.  As  the  heavy  ion  passes 
through  the  parasitic  BJT  region  of  the  device,  electron-hole 
pairs  are  generated  along  its  track  length.  The  electron-bole 
pairs  constitute  a  short-lived  current  source  which  acts  to 
forward  bias  the  parasitic  BJT.  Once  the  parasitic  BJT  is  turned 
on,  a  regenerative  feedback  mechanism,  relating  internal  de¬ 


vice  currents  and  voltages,  exists  that  determines  the  outcome 
of  the  single-event  [2, 9-10].  If  the  parasitic  BJT  is  turned  on 
hard  enough,  the  collector  current  and  base-emitter  voltage 
regenerativeiy  increase  until  the  local  power  dissipation  is 
sufficiently  high  to  melt  the  device;  otherwise,  the  currents  die 
out  and  the  device  is  unharmed  [10]. 

Previous  wmit  has  been  focused  on  what  h^ipens  after  the 
parasitic  BJT  is  turned  on  (i.e.,  bow  the  relationship  of  ava¬ 
lanche  multiplication  and  BJT  acdon  lead  to  second  breakdown 
oftheparasiticBJT)  [2,5, 10].  In  this  p^r,  a  first-order  model 
describing  the  dme  evolution  of  the  parasitic  BJT  turn-on  is 
presented.  Tliis  model  shows  that  the  strength  and  character¬ 
istic  lifetime  of  the  heavy  ion-generated  current  filament,  and 
the  RC  time  constant  of  the  base-emitter  junction  interact  to 
determine  if  the  parasitic  BJT  is  forward  biased  sufficiently 
high  enough  to  initiate  SEB. 

In  Section  II,  the  model  is  developed  and  the  correspond¬ 
ing  assumptions  are  outlined.  In  Section  III,  the  model  is  used 
to  generate  several  curves  relating  the  base-emitter  voltage 
versus  time  for  various  parameter  changes.  In  Section  IV,  the 
in^iications  of  this  mo^l  is  discussed.  Finally,  the  paper  is 
summarized  in  Section  V. 
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Bgure2:  Circuit  model  for  turn  on  analysis. 


n.  MODEUNG  Parasitic  BJT  Turn-On 

In  this  section,  the  first-order  model  that  describes  the  turn 
on  of  the  parasitic  BJT  is  developed.  The  process  of  turning  on 
the  parasitic  BJT  by  a  current  filament  is  a  fairly  complicated 
phenmnenon.  Two-dimensional  or  possibly  three-dimensional 
device  simulation  codes  (e.g.,  PISCES  or  PADRE)  would  be 
required  to  investigate  all  of  the  nuances  associated  with  the 
dynamic  process  of  turning  on  a  comparatively  large  surface 
area  device  by  a  small  radius  current  filament.  However,  the 
impact  of  this  model,  as  with  most  first-order  models,  is  the 
ability  to  understand  and  identify  the  key  physical  parameters 
that  play  arole  in  this  problem.  This  undentanding  is  required 
before  production  simulation  can  be  performed. 

There  are  two  major  components  in  this  model:  (1)  a 
lumped-parameter  RC  charging  circuit  representing  the  resis¬ 
tance  and  capacitance  of  the  base-emitter  junction  of  the  para¬ 
sitic  BJT;  and  (2)  a  voltage  and  time  dependent  current  source 
representing  the  base  current  of  the  parasitic  BJT.  Hie  simple 
circuit  for  the  model  is  shown  in  Figure  2.  The  objective  is  to 
then  solve  for  the  resulting  base-emitter  voltage  as  a  function  of 
time  given  by: 


C 


(1) 


where  R  is  the  junction  resistance,  C  is  the  junction  capacitance, 
is  the  base-emitter  voltage,  and  is  the  base  currenL  The 
interesting  pan  of  equation  (1)  (i.e.,  the  underlying  physics  of 
the  problem)  is  the  form  that  i^(t)  takes.  The  components  of  ijt) 
are:  (1)  a  representation  of  the  heavy  ion-generated  current 
filament;  (2)  the  avalanche  generated  holes  returning  from  the 
colleaor  into  the  base  region;  and  (3)  the  back-injected  hole 
current  into  the  emitter  due  to  v^.  The  cmnponents  of  the  base 
current  are  illustrated  schematically  in  Hgure  3.  A  brief 
discussion  of  each  component  of  the  base  current,  including  the 
corresponding  analytical  form,  will  follow. 

The  heavy  ion-generated  current  filament  is  approxi¬ 
mated  as  an  exponentially  decaying  source.  This  approxima¬ 
tion  may  not  duplicate  the  actual  shape  of  the  current  filament, 
but  it  is  understood  that  the  electron-hole  pairs  generated  along 
the  track  length  diffuse  radially  and  drift  along  the  track  length 
rapidly  [11].  Thus,  this  approximation  describes  the  basic 
nature  of  this  current  filament.  The  equation  governing  the 
current  filament,  is: 

442 


(2) 


where  ^  the  initial  current  value,  and  T^is  the  characteristic 
lifetime  of  the  current  filament. 

The  second  component  of  the  base  current  is  the  ava¬ 
lanche-generated  hole  current.  This  current  arises  because  of 
the  large  reverse  bias  on  the  base-collector  junction  of  the 
parasitic  BJT  (recall  the  power  MOSFET  is  blocking  a  large 

The  high  electric  fields  present  in  the  space  charge  region 
of  this  reverse-biased  junction  will  generate  electron-bole  pairs 
for  any  electrons  entering  this  region  [9].  There  are  two 
components  of  avalanche  generated  hole  current:  (1)  holes 
generated  due  to  injected  electrons  from  the  emitter,  and  (2) 
holes  generated  due  to  electrons  in  the  current  filament  Thus, 
the  avalanche  generated  hole  current  is  given  by: 


•UXf 


(3) 


where  M  is  the  avalanche  multiplication  factor,  ^  is  the  elec¬ 
tronic  charge,  A  is  the  active  device  area  of  one  cell,  D,  is  the 
electron  difriisivity,  /i^  is  the  intrinsic  carrier  density,  is  the 
acceptor  doping  density  in  the  base  region,  is  the  active  base 
width,  and  is  the  thermal  voltage  of  the  junction.  Note  that 
the  first  term  in  equation  (3)  is  the  produa  of  the  injected 
electron  current  from  the  emitter  and  the  avalanche  multiplica¬ 
tion  facux*,  and  the  second  term  is  simply  the  produa  of 


(b) 

Figure  3:  Components  of  the  base  current  in  (a)  parasitic  Bit, 
and  (b)  circuit  model.  In  (a),  the  emitter,  base,  and  colecior  are 
labeled  Hand  C,  respectively. 
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equation  (2)  and  the  avalanche  multiplication  factor. 

The  third  awnponenl  of  the  base  current  is  the  back- 
injected  hole  current  fircin  the  base  into  the  emitter  due  to  v^. 
The  back-injected  hole  current,  is  given  by: 


^DE^p 


(4) 


where  D  is  the  hole  diffusivity ,  is  the  density  of  donors  in 

the  emitter,  andL^  is  the  diffusion  length  for  holes  in  the  emitter. 
The  minus  sign  is  inesent  in  equation  (4)  because  this  compo¬ 
nent  of  base  current  does  not  How  through  the  base  region  to 
ground,  rather  it  is  bled  back  into  the  emitter. 

The  model  can  now  be  assembled  into  its  final  fcHin. 
Combining  equations  (1-4)  yields: 


dt  K 


where 


i  = 


UP.  P. 


(6) 


The  initial  condition  for  equations  (5-6)  is: 

v*.(r=o)=a 


(7) 


III.  Calculated  results 


The  time  evolution  of  the  base-emitter  voltage  of  the 
parasitic  BIT  is  obtained  through  the  solution  of  equations  (5- 
6).  Since  vjt)  qtpears  in  the  exponential  in  equation  (5),  there 
does  not  exist  an  analytical  solution  for  vjlt)-  The  standard 
fouith-oider  Runge  Kutta  method  fcff  initial  value  problems 
was  used  in  the  following  calculations  [12].  The  following 
parameters  remained  constant  in  the  calculations:  1 S .  1  cm  V 

s,  D  =5.98cmVs,  N^Wcni\ Ar^^lO“cm»,  q=1.6xlO-'’C, 
IxKPcm-*,  V^.026V.  L=\\m,  H',=lMm,  TyslOps,  and 
A=800|im^.  In  Hgure  4,  is  calculated  with  i?=50Q, 
C=0.73pF,  and  (the  initial  strength  of  the  ion-generated 
current  filament)  is  varied  from  4mA  to  32mA.  In  Figure  5, 
is  calculated  with /?s=50Q,  /^=28mA,  and  C  is  varied  from 
0.731pf  to7.31pF.  Fmally,  in  Figure  6.  v  Jr)  is  calculated  with 


time  [picoseconds] 


Figure  4:  vjf)  with /f  and  C  constant  The  value  of 
varies  from  4mA  to  32mA. 

C=0.731pF,  /^=28mA,  and  R  is  varied  from  lOQ  to  90Q. 


IV.  Discussion 

A  discussion  of  the  calculated  results  shown  in  Figures  4- 
6  will  now  follow.  Figure  4  rqpresents  the  case  when  one  device 
is  struck  by  a  variety  of  incident  ion  species  or  energies.  The 
values  oiR  and  Care  held  constant  and  the  initial  strength  of  the 
heavy  ion-generated  current  filament,  /^,  is  varied  frcwn  4mA 
to3^nA.  Note  that  the  shape  ofeach  curve  is  the  same.  In  fact, 
if  the  voltage  scale  of  each  curve  was  expanded  to  the  ^propri- 
ate  value,  the  curves  would  lie  right  on  one  another.  The  peak 
voltage  level  is  proportional  to  the  value  of  the  current.  These 
results  are  to  be  eiqpected  since  the  time  constant  of  the  current 
filament  and  the  time  constant  of  the  R-C  circuit  do  not  change. 
If  the  critical  value  oi  (the  level  necessary  to  trigger  the 
regenerative  feedback  mechanism  [9,10])  were  around  0.7V, 
only  the  highest  curve  would  initiate  burnout  This  makes 
sense,  since  each  device  type  has  an  associated  threshold  LET 
for  which  SEB  occurs. 

Figure  5  ttpfesents  the  case  where  several  device  types 
with  different  values  of  junction  capacitance  are  struck  by  the 
same  incident  ion.  The  highest  curve  corresponds  to  the  lowest 
capacitance  and  vice  versa.  An  increase  in  the  capacitance 
results  in  a  decrease  in  peak  and  a  flattening  out  of  the 
response.  Note  also  that  as  C  is  increased,  the  initial  ascent  and 
find  descent  of  the  response  decrease.  These  results  make 
sense  because  by  increasing  the  capacitance,  the  time  constant 
of  the  R-C  circuit  increases  with  respect  to  the  time  constant  of 
the  heavy  ion-generated  current  source.  These  results  imply 
that  if  the  junction  capacitaix:e  is  increased,  the  power  MOSFET 
is  less  vulnerable  to  SEB.  The  junction  capacitance  should  be 
increased  through  an  increase  in  cell  size,  since  the  capacitance 
per  unit  area  is  generally  fixed  for  a  given  channel  length  and 
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Figure  5:  v,^(0  with  R  and  Ij„  constant  The  value  of 
C  varies  from  0.73  IpF  (o  7.3  IpF. 
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Figured:  with and  C  constant  The  value  of  it 

varies  from  lOQ  to  90Q. 


constant  when  R  is  varied  (it  only  depends  on  the  value  of  O- 
This  is  a  result  of  the  fonn  of  equation  (5).  If  one  divides 
equation  (5)  through  by  C,  a  1/C  term  remains  on  the  right  hand 
side  of  the  equation.  These  results  indicate  that  if  one  reduces 
the  value  of  R,  the  power  MOSFET  is  less  vulnerable  to  SEB. 
These  results  complement  previous  flndings  that  decreasing  R 
increases  the  critical  in  the  regenerative  feedback  mecha¬ 
nism  [3, 10]. 

An  interesting  point  can  be  made  between  this  work  and 
that  in  [3, 10}.  In  modeling  the  regenerative  feedback  mecha¬ 
nism,  a  50%  reduction  in  base  resistance  of  the  parasitic  BIT 
resulted  in  approximately  a  10%  increase  in  the  base-emitter 
voltage  necessary  to  initiate  burnout  (as  determined  by  the 
regenerative  feedback  mechanism)  [13].  In  this  paper  it  is 
shown  that  a  50%  reduction  in  base  resistance  results  in  ap- 
jffoximately  a  30%  decrease  in  the  peak  base-emitter  voltage 
generated  by  the  beavy-ion-generated  current  source.  This 
means  that  the  burnout  threshold  is  more  sensitive  to  the 
parameters  involved  in  the  turo-on  of  the  parasitic  BJT  than  to 
the  parameters  involved  in  the  regenerative  feedback  mecha¬ 
nism. 

V.  Summary 

A  fustorder  lumped-parameter  model  has  been  presented 
to  help  illustrate  the  pertinent  parameters  involved  in  the  turn¬ 
on  of  the  parasitic  BJT  which  leads  to  SEB  of  n-channel  power 
MOSFETs.  The  base-emitter  junction  of  the  parasitic  BJT  was 
modeled  as  an  R-C  circuit  The  base  current  of  the  parasitic  BJT 
was  modeled  as  a  combination  of  the  heavy  ion  generated 
current  filament  avalanche  generated  hole  current  and  back- 
injected  hole  current  due  to  the  forward  bias  of  the  base-emitter 
junction.  This  model  is  an  essential  component  in  determining 
the  burnout  threshold.  Previous  work  [9]  deals  with  the  critical 
base-emitter  voltage  required  for  burnout  This  work  estimates 
the  value  of  the  base-emitter  voltage  that  will  result  for  a 
specific  set  of  ion  and  device  parameters.  The  results  in  this 
paper  indicate  that  the  burnout  threshold  is  more  sensitive  to  the 
parameters  involved  in  the  tum-on  process  than  it  is  to  the 
critical  value  of  the  base-emitter  voltage.  The  major  findings  of 
the  model  indicate  that  if  one  increases  the  junction  capacitance 
and/or  decreases  the  base  resistance  of  the  parasitic  BJT,  the 
vulnerability  of  the  power  MOSFET  to  SEB  decreases. 


threshold  voltage  of  the  MOSFET. 

Figure  6  represents  the  case  where  several  device  types 
with  different  values  of  resistance  are  struck  by  the  same 
incident  ion.  The  highest  curve  corresponds  to  the  highest  value 
of  resistance.  As  the  value  of  R  is  increased,  the  peak  value  of 
increases  and  the  final  descent  of  the  response  decreases. 
These  results  make  sense  because  by  increasing  the  resistance, 
one  would  expect  the  voltage  to  increase  for  the  same  current. 
Also,  the  flattening  out  in  the  response  during  the  final  descent 
is  a  result  of  the  increase  of  the  R-C  circuit  time  constant  with 
respea  to  the  time  constant  of  the  heavy  ion-generated  current 
filament.  Note  that  the  initial  ascent  of  the  response  remains 
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III.  Modeling  of  Single-Event  Gate  Rupture  of  Power  MOSFETs 
III.A.  Introduction 

Single-event  gate  rupture  (SEGR)  of  double-diffused  MOS  (DMOS)  power  transistors  occurs 
when  a  heavy  ion  passes  through  sensitive  regions  of  the  device.  As  part  of  this  task,  a  model  for 
single-event  gate  rupture  was  developed  that  offers  a  clear  picture  of  the  relationships  between 
the  device  structural  parameters  and  the  properties  of  the  ion-induced  current  filament. 

Single-event  gate  rupture  can  occur  when  a  heavy  ion  strikes  the  neck  region  of  the  power 
MOSFET.  The  neck  region  constitutes  the  gate-drain  overlap  region  of  the  device.  Following 
the  ion  strike,  the  electric  filed  due  to  the  applied  positive  drain  bias  causes  the  generated  holes  in 
the  silicon  to  move  toward  the  silicon  -  silicon  oxide  (Si-Si02)  interface  and  the  electrons  toward 
the  drain  contact.  The  holes  leak  off  only  slowly  toward  the  source  contact  and  therefore  start  to 
pile  up  at  the  interface.  This  hole  accumulation  effect  at  the  Si-SiO  2-interface  creates  a  pool  of 
positive  charge,  which  results  in  a  transient  field  increase  across  the  oxide  at  the  track  position. 
If  this  transient  field  increases  above  a  critical  value,  oxide  breakdown  occurs  heating  the 
structure  locally.  If  the  breakdown  current  lasts  long  enough,  a  permanent  short-circuit  through 
the  oxide  results. 

Two  complimentary  models  for  SEGR  of  power  MOSFETs  have  been  developed  under  this 
contract:  (1)  a  charge-sheet  model  that  used  a  distributed  R-C  line  to  model  the  path  that  holes 
follow  on  the  way  towards  ground  and  showed  that  gate  oxide  electric  fields  in  the  MV/cm  range 
lasted  for  times  in  the  picoseconds  range;  and  (2)  a  prediction  algorithm  based  on  a  two- 
dimensional  numerical  device  simulator  that  shows  excellent  agreement  with  experimental  data. 
The  charge-sheet  model  provided  the  physical  insight  of  the  SEGR  mechanism  necessary  to 
develop  the  two-dimensional  model.  The  two-dimensional  simulations  showed  that  an  increase 
in  gate  oxide  thickness,  tgx,  resulted  in  a  decrease  in  SEGR  vulnerability  and  the  simulations 
showed  very  little  temperature  dependence  of  SEGR;  both  of  the  simulation  results  are  in 
agreement  with  experiment. 

The  papers  describing  these  models  are  included  in  Sections  III.B  through  III.F.  A  brief 
overview  of  each  paper  is  included  here  to  guide  the  reader  through  this  material. 

Section  III.B.:  J.R.  Brews,  M.  Allenspach,  R.D.  Schrimpf,  K.F.  Galloway,  J.L.  Titus,  and  C.F. 
Wheatley,  Jr.,  “A  Conceptual  Model  of  Single-Event  Gate  Rupture  in  Power  MOSFETs,”  IEEE 
Trans.  Nucl.  ScL,  vol.  40,  pp.  1959-1966,  1993. 

A  physical  model  of  hole-collection  following  a  heavy-ion  strike  is  proposed  to  explain  the 
development  of  oxide  fields  sufficient  to  cause  single-event  gate  rupture  in  power  MOSFET’ s.  It  is 
found  that  the  size  of  the  maximum  field  and  the  time  at  which  it  is  attained  are  strongly  affected  by 
the  hole  mobility. 

Section  III.C.:  M.  Allenspach,  J.R.  Brews,  I.  Mouret,  R.D.  Schrimpf,  and  K.F.  Galloway, 
“Evaluation  of  SEGR  Threshold  in  Power  MOSFETs,”  IEEE  Trans.  Nucl.  ScL,  vol.  41,  pp. 
2160-2166,  1994. 

This  paper  presents  a  method  for  evaluating  the  single-event  gate  rupture  threshold  in  power 
MOSFETs.  Two-dimensional  numerical  simulations  are  used  to  show  that  very  short  time  oxide  field 
transients  occur  for  ion  strikes  with  non-zero  drain-source  bias  applied  to  the  device.  These  transients 
can  affect  single-event  gate  rupture  through  hole  trapping  and  redistribution  in  the  oxide. 
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Section  III.D.:  I.  Mouret,  M.  Allenspach,  R.D.  Schrimpf,  J.R.  Brews,  K.F.  Galloway,  and  P. 
Calvel,  “Temperature  and  Angular  Dependence  of  Substrate  Response  in  SEGR,”  IEEE  Trans. 
Nucl.  ScL,  vol.  41,  pp.  2216-2221, 1994. 

This  paper  examines  the  role  of  the  substrate  response  in  determining  the  temperature  and  angular 
dependence  of  single-event  gate  rupture.  The  likelihood  of  single-event  gate  rupture  is  shown  to 
increase  when  the  angle  of  incidence  is  made  closer  to  normal  incidence. 

Section  III.E.:  M.  Allenspach,  I.  Mouret,  J.L.  Titus,  C.F.  Wheatley,  Jr.,  R.L.  Pease,  J.R.  Brews, 
R.D.  Schrimpf,  and  K.F.  Galloway,  “Single-Event  Gate-Rupture  in  Power  MOSFETs;  Oxide 
Thickness  Dependence  and  Computer  Simulated  Prediction  of  Breakdown  Biases,”  IEEE  Trans. 
Nuc.  Sci. ,  vol.  NS-42,  pp.  to  be  published  December  1995. 


This  paper  presents  a  method  for  predicting  the  critical  gate  bias  for  a  given  drain-source  bias 
necessary  to  trigger  single-event  gate  rupture.  The  model  predicts  that  susceptibility  to  single-event 
gate  rupture  decreases  when  the  gate  oxide  thickness  is  increased.  The  simulation  results  agree  very 
well  with  experimental  data. 

Section  IlLF.:  L  Mouret,  M.C.  Calvet,  P.  Calvel,  P.  Tastet,  M.  Allenspach,  K.A.  LaBel,  J.L. 
Titus,  C.F.  Wheatley,  Jr.,  R.D.  Schrimpf,  and  K.F.  Galloway,  “Experimental  Evidence  of  the 
Temperature  and  Angular  Dependence  in  SEGR,”  presented  at  RADECS  7995. 

Heavy  ion  experiments  were  used  to  investigate  temperature  and  angular  dependence  in  SEGR.  They 
show  that  a  normal  incident  angle  favors  SEGR.  The  influence  of  elevated  temperature  on  the  SEGR 
phenomenon  is  shown  to  be  immaterial.. 
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in  Power  MOSFETs 
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Abstract 

A  physical  model  of  hole-collection  following  a 
heavy-ion  strike  is  proposed  to  explain  the  development  of 
oxide  fields  sufficient  to  cause  single-event  gate  rupture  in 
power  MOSFET’s.  It  is  found  that  the  size  of  the  maximum 
field  and  the  time  at  which  it  is  attained  are  stroigly 
affected  by  the  hole  mobility. 


1.  Introduction 

For  the  first  time,  a  simple  model  gf  hole  build-up  and 
its  induced  image  charge  in  the  gate  electrode  of  a  power 
MOSFET  is  shown  to  lead  to  large  enough  oxide  fields  to 
cause  oxide  breakdowa  These  holes  are  collected  from  the 
plasma  sheath  of  electron-hole  pairs  generated  along  the 
strike  path  of  an  incident  heavy  ioiL  This  model  replaces  the 
picturesque  but  unquantifiable  visualization  of  the  sheath  of 
mobile  pairs  as  a  “plasma  wire”  or  a  “depletion-layer  col¬ 
lapse”  that  short-circuits  the  depletion-layer  voltage,  allow¬ 
ing  the  drain  bias  to  become  apphed  directly  across  the 
oxide. 

In  power  MOSFET’s,  two  types  of  single-event  dam¬ 
age  are  known;  single-event  burnout  (SEB)  and  single-event 
gate  rupture  (SEGR).  In  the  case  of  SEB,  the  currents  stem¬ 
ming  from  charge  collection  cause  a  voltage  drop  sufficient 
to  mm  “on”  a  parasitic  bipolar  transistor  inside  the  device, 
a  parasitic  inherent  in  the  constmction  of  the  power  MOS¬ 
FET.  If  the  suike  occurs  while  the  device  is  subject  to  a 
large  drain  bias,  sufficient  carrier  multiplication  occurs  to 
cause  runaway,  creating  a  short-circuit  through  the  MOSFET 
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that  allows  current  from  the  external  power  supply  to  des¬ 
troy  the  device  [1]. 

In  the  case  of  SEGR,  the  icxi-generated  electron-hole 
pairs  are  separated  by  the  applied  bias.  For  discussion, 
assume  an  n-channel  device  with  gate  grounded  and  drain 
positively  biased,  as  shown  in  Fig.  1. 
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Figure  1.  Power  MOSFET  ttrvcam,  showing  an  ion-strike 
hlimmt  at  the  oennr  of  the  a-  neck  regioa.  with  hoiea  moving 
upwaid  and  eleco-ons  downward  under  the  influence  of  the 
positive  drain  voltage. 


The  electrons  are  drawn  toward  the  drain  and  the 
holes  are  driven  toward  the  gate,  along  the  axis  of  the  strike 
filament.  The  effects  of  this  charge  collection  commonly 
are  visualized  by  picnning  the  sheath  of  electron-hole  pairs 
sunounding  the  ion  nack  as  a  conducting  filament  capable 
of  shon<ircuiting  the  drain  to  the  Si-SiO:  interface.  The 
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idea  of  the  strike  filament  as  a  “dcpleuon-laycr  collapse” 
[2]  or  as  a  “plasma  wire”  [3,4]  grew  out  of  modeling  of 
single-event  upsets  and  was  applied  to  SEGR  by  Hohl  and 
Galloway[5].  As  a  result  of  this  localized  short-drcuitiiig 
action  of  the  filamentt  the  ion  strike  results  in  a  large  frac¬ 
tion  of  the  drain  voltage  dropping  across  the  gate  oxide, 
causing  an  increase  in  oxide  field  in  the  immediate  vicinity 
of  the  filament. 

If  the  traiisient  increase  in  oxide  field  is  large  enough 
and  lasts  long  enough,  oxide  breakdown  occurs  near  the 
filament.  A  significaiu  ffacricn  of  the  charge  stored  in  the 
MOSFET  capacitor  then  can  discharge,  elevating  the  tem¬ 
perature  in  the  neighborhood  of  the  filament,  locally  destroy¬ 
ing  the  oxide,  short-ciicuidng  the  gate  to  the  substrate. 


Figure  2.  Obierved  magnitude  of  gate-to-iouroB  bite  for 
SEGR  in  power  MOSFETs  vs,  dnin-co-eourae  reverie  biea 
with  icn^LET  at  penmecer.  The  ooofrol  umple  experienced  no 
ion  loike,  end  ihowi  an  intrinaic  breakdown  itrength  eari, mated 
from  the  Vq5«0V  datum  point  of  s7.7  xlO^/cm.  The  control 
datum  point  at  lepreaenu  jtmetiao  breakdown.  The 

oxide  thickneaa  waa  SOnm,  BVDSS  m  70V,  aa  limited  by  junc¬ 
tion  avalanche  [10]. 


strength  of  8  -  12  MV/cm  for  gate  oxides  grown  on  surfaces 
of  typical  micrcffoughness  [8].  Fischer[6]  tested  (1)  on 
p-channel  power  NfiJSFEFs  with  source  shorted  to  dram 
and  positive  gate  bias.  In  this  configuration,  the  MOSFET 
behaves  like  an  inveited  MOS  capacitor.  Wrobel[7] 
observed  (1)  in  studies  of  gate  rupture  in  both  accumulated 
and  inveited  MOS  capacitors. 

The  data  of  Fig.  2  show  that  the  criticfi:  field  for 
SEGR  in  power  MOSFET’s  decreases  with  an  increase  in 
drain-tn*source  bias  Vjjs.  even  when  the  device  is  biased  in 
inversion.  However,  these  devices  with  doping  levels 
a  10‘*/cm^  remain  in  inveision  despite  the  Vjjs-variation,  so 
Vds  does  not  affea  the  oodde  field  prior  to  the  ion  strike. 
That  is.  Fig.  2  shows  that  when  drain-to-source  bias  is 
^ied,  SEGR  occurs  at  lower  pre-strike  critical  oxide 
fields. 

As  mwirimwl  earlier,  the  “plasma  wire”  model  of  the 
strike  filammt  provides  a  picturesque  view  of  how  an  oxide 
firiH  approaching  Eat  could  arise  in  a  localized  region  dur¬ 
ing  or  e0er  the  strike  by  short-circuiting  the  drain  voltage  to 
the  Si-SiC)2  interface  in  the  vicinity  of  the  oxide-end  of  the 
fiianimt  This  model  is  misinteipreted,  however,  if  the 
plasma  filameitt  is  thouglfi  of  simply  as  a  “wire”.  The 
mechanism  that  transfers  the  relied  voltage  fi'om  the  sub¬ 
strate  to  the  oxide  is  ttie  piling  up  of  holes  at  the 
Si-SiOr-interface.  Analysis  of  this  hole  storage  leads  to  the 
simple  model  discussed  below. 

3.  Conceptual  Model 

Following  an  ion  strike  in  the  n~  neck  region,  the 
electrtHis  are  drawn  toward  the  drain  by  the  positive  applied 
bias,  and  the  holes  are  driven  to  the  oxide  iiuerface  beneath 
the  grounded  gain  electrode  (see  Rg.  1).  The  electrons 
experience  a  spreading  resistance  as  they  drift  and  diffuse 
from  the  localized  filament  into  the  entire  drain  region  The 
resulting  localized  resistive  (I  R)  voltage  drop  accompanymg 
the  electron  flow  pushes  d»  equipotentials  deeper.  That  is, 
at  the  drain-end  of  the  filament,  the  drain  voltage  is  spread 
out  over  a  longer  distance,  leading  to  an  overall  lowering  of 
the  field  [2J]. 

Gate 


2.  Experimental  Work 

Fischer[6]  observed  SEGR  in  power  MOSFET’s  and 
Wrobel[7]  in  MOS  capacitors.  Both  authors  suggested  that 
SEGR  occun  only  if  an  ion  strike  occun  while  the  oxide  is 
subject  to  an  oxide  field  greater  than  a  critical  value  Ec* 
estimated  as 


Ecr“ 


41 

(LET)^'^ 


xlO*V/cm 


(1) 


'IS 


where  LET  is  the  linear  energy  transfer  of  the  ion  in  MeV- 
cm^/mg.  A  typical  test  ion  is  283  MeV  Br,  which  has  an 
LET  of  37  MeV-cm^/mg,  resulting  in  an  Ecr  of  6.7  MV/cm. 
This  figure  can  be  compared  to  a  typical  intrinsic  breakdown 


Figure  3.  A  lumped  vmoD  of  till  oquivilent  circuit  repreiem- 
ing  the  hole  ttorage  at  the  ead  oftfae  itrike  filament  by  a  capa¬ 
citor.  and  the  leakage  path  to  the  grounded  body  by  a  lumped 
reaiitor. 
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To  understand  the  increase  in  oxide  field,  wc  consider 
hole  collection.  Holes  are  driven  toward  the  oxide-end  of 
the  filament,  at  the  mterface  between  the  n-neck  region  and 
the  gate  oxide,  where  they  induce  an  image  charge  in  the 
gate  electrode,  increasmg  the  oxide  field.  This  “poor*  of 
holes  at  the  interface  is  fed  by  the  continued  hole  collection 
from  the  strike  filament,  and  spreads  radially  across  the 
interface  with  time,  moving  toward  the  p-body  region, 
which  is  at  ground  potential. 

A  simple  circuit  model  of  the  situation  is  shown  in 
Fig.  3.  The  lumped  capacitor  Cis  in  this  circuit  represents 
the  storage  capability  of  the  interfacial  region  nei^boring 
the  oxide-end  of  the  filament  The  resistor  Rs  represents  the 
leakage  path  along  the  Si-Si02  interface  from  the  strike 
filament  to  the  grounded  body.  The  extent  of  the  oxide  field 
build-up  deperxis  on  the  difference  between  the  arrival  rate 
of  the  holes  (determined  by  If(t))  and  the  exit  rate  of  the 
holes  to  the  ground  contact,  determined  by  the  RC-time 
constant  of  the  circuit,  RsCjs. 

The  basic  model  assumes  that  the  strike  filament 
forces  a  current  If(t)  to  the  surface  of  the  MOSFET. 
Although  a  general  time  dependence  can  be  used,  for  simpli¬ 
city  If(t)  is  modeled  as  a  simple  expression. 

If (t)  *  1®  +  |lfo" Iffl  j  (2) 

where  T  is  the  filament  lifetime,  determined  by  drift  and 
diffusion  within  the  plasma  sheath,  is  the  filament  cuireiu 
at  tsO,  and  Ifs  is  the  filament  current  following  the  early 
transieiu  decay  (t>T).  During  the  time  when  oxide  field  is 
large,  this  form  for  If(t)  fits  the  results  obtained  from 
numerical  simulations  using  MEDIQ  (the  TMA  version  of 
PISCES),  as  discussed  later.  Of  coune,  for  long  times  the 
current  must  vanish,  unlike  (2).  Because  the  RC-time  con¬ 
stant  of  this  circuit  is  long  compared  to  the  filament  lifetime 
T  (typically  a  picosecond  or  so),  the  voltage  across  the  capa¬ 
citor  will  rise  far  enough  to  allow  oxide  fields  in  excess  of 
the  intrinsic  breakdown  strength. 

The  ion  strikes  most  likely  to  cause  SEGR  occur  far 
enough  from  the  p-body  that  a  considerable  “pool”  of 
holes  collects  before  diffusion  brings  them  into  contact  with 
the  p-body.  Under  these  conditions,  the  interfacial  storage 
capacitor  is  connected  to  ground  via  a  distributed  RC-line, 
representing  the  surface  inversion  layer.  This  distributed 
RC-line  models  diffusion  from  the  filament  toward  ground, 
rather  than  allowing  immediate  access  to  ground,  as  implied 
by  the  lumped  circuit  of  Fig.  3.  The  next  section  describes 
the  modeling  of  this  distnbuted  RC-line  by  a  charge-sheet 
model  developed  to  describe  the  hole  collection  from  the 
filament  by  the  body  contact.  The  charge-sheet  model 
shows  that  the  hole  collection  satisfies  a  nonlinear  diffusion 
equation.  The  nonlinearity  increases  the  diffusion  of  the 
holes  for  larger  hole  densities  due  to  their  self-field. 


4.  A  Charge  -  Sheet  Model  for  Hole  Coiiectioa 

At  the  Si-Si02-end  of  the  filamait,  we  assume  that 
the  current  flows  radially  outward  from  the  filament  toward 
ground  in  an  interfacial  charge  sheet.  A  distrilxited 
RC-circuit  corresponding  to  this  analysis  is  shown  in  Fig.  4. 
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Figure  4.  A  diitributad  RC-circuit  taodti  that  generaliau  the 
lumped  circuit  of  Fig.  3.  The  panuiiecen  of  the  distnbuted 
^C-Une  sre  using  e  disrge-sheet  model  that  reieies 

the  distributed  resisteaoe  to  the  hole  density/cm^  in  the  inver* 

Sion  layer. 

The  distributed  part  of  this  circuit  is  modeled  using  a 
charge-sheet  description  of  the  inversion  layer,  analogous  to 
that  used  for  the  MOSFET  [9].  This  approach  leads  to  a 
nonlinear  diffusion  equation  for  the  transport  of  the  holes 
radially  away  from  the  strike  filament,  along  the  interface, 
toward  the  grounded  body  region.  The  raathematicai 
description  of  this  model  is  contained  in  the  Appendix. 


5.  Numerkai  Slmuiadoiis 

Using  MEDIQ,  numerical  simulations  of  an  ion  strike 
were  made  in  a  cylindrical  (r,z)  geometry.  The  ion  is  taken 
to  be  normally  incident,  with  the  centerline  of  its  track  coin¬ 
cident  with  the  z-axis.  The  ion  track  at  t»0  is  modeled  by 
placing  a  filament  of  electron-hole  pairs  along  the  z-axis 
from  the  gate  to  the  drain  in  the  region  O^r^rf(t^),  where 
rf(t"0)  »  0.124pm  in  our  simulation-  For  times  t>0,  the 
mobile  carriers  are  transported  in  the  self-consistent  fields 
according  to  the  usual  drift  +  diffusicxi  equancxis.  This 
treatment  of  the  carriers  is  not  valid  for  very  short  times,  as 
it  ignores  the  transit  time  of  the  ion  and  the  complicated 
processes  that  allow  the  initially  energetic  earners  to  ther- 
malize.  However,  the  oxide  field  peaks  in  a  time  of  the 
order  of  picoseconds,  when  most  of  these  transients  will  be 
over.  An  idealization  of  a  power  MOSFET  is  used  with  a 
cylindrical  geometry.  The  source  contact  of  the  power 
MOSFET  is  irrelevant,  because  it  is  shoned  to  the  body 
contact,  arxi  because  the  holes  are  collected  by  the  body, 
which  is  grounded.  The  body  is  modeled  as  a  cylindneal 
interfacial  p’^-contact  of  radius  r^a,  with  as  14.64pm  in 
our  simulation-  Electrons  are  collected  by  the  drain,  which 
is  positively  biased.  The  drain  bias  is  sufficient  to  com¬ 
pletely  deplete  the  device,  and  before  the  ion  stnke  ail  the 
equipotenhals  are  parallel  to  the  interface.  A  diagram  of 
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our  geometry  is  shown  in  Rg.  3.  for  an  arbitrary  choice  of 
dimensions. 


Figure  S.  Cylindrical  geometry  for  nmnehcal  limulatioai.  The 
body  ooncact  ia  idealized  aa  a  ifaallow.  cylindrical  ring  around 
the  axia  of  the  airike  filament.  To  aimplify  analyaia.  the  device 
ia  choeeo  to  be  fiiUy  depleted  prior  to  the  atrike.  The  drain  biaa 
ia  150V.  gate  and  body  are  grounded,  and  the  doping  level  ia 
5xlO^Vcm^ 

The  initial  track  density  was  chosen  as  12  x  10^^/cm^, 
which  is  not  large  enough  for  285  MeV  Br.  (For  this  ion, 
the  electron-hole  pair  density  should  be  2.4xl0^°/cm  or 
5xl0^Vcm^  for  the  chosen  radius  of  0.124^m.)  However, 
larger  densities  caused  non-convergence  of  the  solutions. 


time  the  oxide  field  is  large.  Unlike  the  lumped  circuit  of 
Fie  3.  the  distributed  circuit  of  Rg.  4  includes  this 


diffusion. 

The  iiuerfacial  hole  diffusion  is  accompanied  by  sub¬ 
surface  radial  expansion  of  the  filament  Isoconcentranon 
lines  for  the  holes  at  10  ps  are  iUustrated  m  Fig.  7. 


radius  r  (mkrona) 


Figure  7.  CooixHn  of  cenatani  hole  ooocearmtkm  at  a  time  of 
10  p*.  COoiperiaoa  with  Fig.  6  ia  not  potaiUe,  becauae  the 
high-denaity  bole  oomoora  are  cooipieaaed  in  a  thin  inveraion 
Uyer.  not  viaible  in  thia  figure.  In  the  n-  epitaxial  Uyer.  the 
holea  move  radially  outward  with  time,  the  same  time  that 
thay  m  oiveling  toward  the  top  of  the  filament  Iiwert:  aame 


cootooii  at  Ipa. 


Radius  r  (microns) 


Figure  6.  Hole  denaity  a  Ifae  interfeoe  in  unita  of  lO^^lcea?  vs. 
radial  diatanoe  with  time  aa  parameter. 

In  Rg.  6  the  calculated  hole  density/cm^  at  the  inter¬ 
face  is  plotted  vs.  distance  for  several  times  following  the 
ion  strike.  As  Fig.  6  shows.  The  holes  diffuse  radially 
toward  the  body,  but  they  do  not  reach  ground  during  the 


Time  (ps) 

Figure  S.  The  redioa  of  die  hole  conoemration  contour  r^(t)  for 
p  m  No»5xlO^Vcm  ^  vs.  time  a  a  depth  of  z*  lO^im.  Solid 
itn^  A:  oneKtimeoaionaL  ambipolar,  radial  diffusion  model  [5]. 
Open  drclea  B:  MEDICI  output  Dahed  line  C:  radiui  ffd)  of 
the  tnt»rfK»ni  ftoragp  region  a  determined  from  MEDICI  by 
fitting  (A3)  of  Appendix.  Tlie  curve  C  if  for  field- 
dependent  mobility,  the  curve  D  for  oonitaat  mobility. 
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As  the  oxide  field  is  building  up  sufficiently  to  cause 
SEGR.  the  radial  motion  of  the  carriers  lOiun  below  the 
iruerface  is  approximately  described  by  the  cylindrical  ambi- 
polar  diffusion  model  of  Hohl  and  Galloway  [3].  In  Fig.  8  a 
companson  of  this  diffusion  model  with  the  numerical 
results  is  shown. 

The  current  flowing  from  the  filament  to  the  interfa- 
cial  storage  capacitor  is  found  by  integrating  the  hole  charge 
over  the  entire  filament,  and  differentiating  it  to  obtain  the 
current  If(t).  The  computed  charge  at  various  depths  is 
shown  in  Fig.  9. 


Figure  9.  Charge  per  unit  kngifa  at  various  depths  vs,  time 
from  numencai  simulatioa 


It  can  be  seen  that  the  charge  at  deeper  z-values  decays 
more  rapidly,  because  holes  are  driven  toward  the  surface, 
depleting  the  deeper  part  of  the  filament  first.  Integrating 
over  depth,  the  total  charge  in  the  filament  as  a  function  of 
time  is  shown  m  Fig.  10  Taking  the  derivative  of  the  hole 


Figure  10.  Total  charge  in  the  filament  aa  a  function  of  time. 
Solid  line:  numerical  result,  daahed  line:  approxiniate  fit  related 
to  (2). 


charge,  Q(t),  we  find  If(t)  is  fitted  well  by  (2).  For  the  par¬ 
ticular  example  we  are  presaitmg  here,  we  find  IfB  *  6-3 
mA,  I(D  *  IfB,  and  the  filament  time  constant  is  not  required. 

The  collecting  pool  of  holes  at  the  oxide-end  of  the 
strike  filament  induces  an  image  charge  in  the  gate  elec¬ 
trode.  The  resulting  field  between  the  holes  and  their  image 
charge  appears  in  the  oxide,  raising  the  oxide  field  to  values 
approaching  the  intrinsic  breakdown  field,  as  shown  in 
Fig.  11. 


Figure  1 1.  Oxide  field  vs,  radiel  poaidoo  with  time  u  parame¬ 
ter  from  numerical  nmulatian  using  e  saturanen  velocity  of 
ss  1  The  nfi^ynnum  field  11  E3  9.5MV/on. 

Figure  12  shows  the  same  results  for  the  case  of  con¬ 
stant  mobility  (no  velocity  saturation).  It  is  apparent  that 
the  field  is  much  lower  and  peaks  much  earlier  in  time, 
showing  that  the  saturation  of  the  hole  mobility  at  large 
lateral  fields  is  important 


Figure  11  Oxide  field  vs.  radial  poiition  aa  for  Fig.  U,  but 
with  a  constant  mobility  of  ^■500c^l^/V*s.  Maximum  field 
Es6.6MV/cm. 

6.  Comparison  with  Simple  Model 

The  distributed  circuit  model  described  in  the  Appen¬ 
dix  has  beai  solved  using  Newton’s  method,  as  outlined  m 
the  Appendix.  The  results  agree  qualitauvely  with  the 
numerical  results  of  MEDIO.  For  example,  the  result  for 
the  oxide  field  vs.  ntne  from  the  simple  model  is  shown  in 
Fig.  13.  Although  the  agreement  is  rough,  the  two  calcula¬ 
tions  provide  the  same  order  of  magnitude  for  the  field,  the 
time  scales,  and  the  rate  of  diffusion  of  the  holes  from  the 
filament  toward  the  ground  contact.  It  is  hoped  that  the 
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agreement  can  be  improved  by  a  more  careful  treatment  of 
the  interfacial  storage  capacitor,  and  of  the  radial  expansion 
of  the  filament  with  time. 


Figure  13.  Oxide  field  vs.  ndiel  poeition  with  liine  ei  peixme- 
ter  from  the  dintibuied  dreoa  model  with  iiw300cm^/V'(. 


9.  Appendix:  Simple  Charge-Sheet  Mode)  of  SEGR  in 
Power  MOSFET 

Al.  Charge-Sheet  Transport 

In  the  oxide  there  is  no  charge  so  the  potential 
9(r.z,t)  satisfies  L^lace’s  equation: 

V*9(r,z,t)«0  (Al) 

vdrere  9(r,z,t)i0  for  the  conditiai  of  large  positive  drain 
bias.  TIk  boundary  conditions  cm  9(t’Z,t)  at  all  times  are 

(i)  At  the  gate  electrode,  9(r,z-dox.t)“0-  Here  dox“Oxide 
thickness. 

(ii)  At  the  Si-Si02 -interface, 

_  ._3_p(r.t)  (A2) 

OZ  ^  €OX 


7.  Conclusions 

A  numeiicai  simuiadon  of  an  ion  strike  in  a  power 
MOSFET  has  been  interpreted  in  terms  of  a  simple  model  of 
hole  collectioa  It  has  been  shown  that  oxide  fields  larger 
than  the  intrinsic  breakdown  strength  of  the  oxide  can  arise 
from  the  holes  collecting  at  the  iruerface  and  their  image 
charge  in  the  gate  electrode.  These  high  fields  persist  for 
times  of  the  order  of  picoseconds.  It  is  not  known  how  long 
these  fields  must  persist  to  initiate  SEGR. 

The  model  shows  that  the  extent  of  the  field  build-up 
depends  on  several  factors  which  must  be  considered  if 
SEGR  sensitivity  is  to  be  reduced.  SEGR  sensitivity  will  be 
reduced  if  the  diffusion  of  the  holes  to  ground  is  easy, 
allowing  the  holes  to  drain  off  before  too  many  are  collected 
at  the  interface.  This  point  is  well  illustrated  by  the  mobil¬ 
ity  dependence  of  the  field  build-up,  as  discussed  earlier. 
Removal  of  holes  could  be  expedit^  to  make  SEGR  less 
likely  if  the  hole  mobility  at  the  interface  were  increased,  or 
if  the  geometry  of  the  neck  region  were  altered  to  make 
ground  contacts  closer,  or  if  impediments  in  the  path  to 
ground  were  avoided,  such  as  ri^-implants  from  other  parts 
of  the  structure.  SEGR  sensitivity  also  can  be  reduced  if  the 
oxide  or  depletion-layer  capacitances  are  reduced,  not  pri¬ 
marily  because  voltages  are  dropped  across  larger  distances 
(e.g.  larger  oxide  thicknesses),  but  because  the  circuit 
RC-time-constant  is  reduced,  so  fewer  holes  are  stored  at 
the  surface.  Additi(Xial  reduction  in  SEGR  sensitivity  is 
provided  if  fewer  of  the  generated  holes  reach  the  interface, 
e.g.  if  the  recombination  rate  in  the  silicon  substrate  can  be 
increased,  or  if  subsurface  hole  collection  can  be  provided. 
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v^^ere  P(r,t)  is  the  hole  density  /  cm^  at  the  interface. 

For  r^ff,  we  assume  that  the  hole  distribution  at  the 
interface  is  de^ribed  by 


_  ^  Qis(0  exp[-(r/rf)^*] 
'  0.614946 


(A3) 


where  rf(t)  is  the  filament  radius  determined  by  MEDICI 
(i.e.  it  is  a  given  fimetion  of  time).  The  first  factor  in  this 
equation  is  the  average  hole  charge  /  unit  area,  and  the 
second  factor  describes  its  radial  distribution  The  second 
factor  is  normalized  so  Qis  is  the  amount  of  charge  stored  in 
the  region  O^r^rf. 

The  value  of  Qis(t)  is  determined  by  current  balance  as 
t 

Qis(t)-|(lf(tO-2nrf(tOJr(rf.t')]dt'  .  (A4) 

In  this  equation  both  If(t)  and  rf(t)  are  given  functions  of 
time. 


We  must  find  Jr(rf,t)  by  solving  the  transport  equation 
that  decides  how  fast  the  clmge  leaks  off  to  ground.  This 
equation  is  the  continuity  equation 


l^(rJ,(r,t) 


+  ^qP(r.t)-0 


(A5) 


In  this  equation  the  radial  current  density  is  taken  from  the 
charge-sheet  model  as 
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Jr(r.t)— qDf(Fr) 


3?M4-<l»(r.z-0.t)+^P(r.t) 
kT  or  or 


(A6) 


with  D- zero-field  diffusion  coefficient  and  with 

I 


f(Fr)> 


l+(F,/Fo) 


to  account  for  the  radial  field  dependence  of 

the  hole  mobility.  The  continuity  equation  then  becomes, 
using  (A6)  and  (A2), 


1  d 
7^ 


rf(E,) 


q  9<|>  ^ 

W  ^  TT  3rdz 


D  dtdz 


(A7) 


step  (ii))  , 

(vii)  Repeat  (ii)  -  (vi)  until  no  change  in  Qis  results. 

To  solve  (A7)  replace  ♦  by 

u(r,t)«[  l+q<|i/kT]  (A12) 

We  also  introduce  the  normalized  length  x  by 

x«r/a  (A13) 

where  a -radius  to  the  ground  contact.  We  introduce  the 
new  time  variable  t 


T  ■  Dt/a^ 


(A  14) 


For  large  enough  values  of  r,  we  suppose  that  the  gradual- 

channel  approximation  is  valid,  so  -  ^l<iox  Then  so  (A7)  becomes 

the  continuity  equation  becomes 

■a? 


1  ^ 

r  8r 


rf(E,) 


kT 


<^+ 1 


ii 

3r 


-Lii 

D  dt 


(A8) 


1  3lnf 

7""  IT 


3u  1  du 
"Sx  f^u  ^ 


(A15) 


Assuming  the  gradual-chaimei  approximation  works  at  r-rf 
we  find 


where  now  f  is  given  by 


-3-P(rf.t)  = 
£ox 


Qis(t) 

eoxrtrf^(t) 

3(l»(rf,z,t) 

3z 


1  + 


0.614946 

♦(rf(t),zrf.t) 

d4) 


kT/q 

1 

3u 

2a  Fq 

(A16) 


dox 


(A9) 


which  determines  the  end  condition  for  the  continuity  equa¬ 
tion  at  r-tf ,  in  terms  of  (2is(t)  and  rf(t): 


The  initial  condition  for  (A13)  is 

u(x,t«0)“l 

and  the  end  conditions  are 


(A17) 
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(A19) 


A2.  Solution  Procedure 

To  solve  the  equations  one  approach  is  as  follows: 

(i)  Assume  that  Jr(rf,t)«0. 

(ii)  Fmd  (2is(t)  for  all  time  steps  t  by  integration  of  (A4) 

using  the  mit^oint  rule.  _n  i 

(iii)  Set  up  the  end  condition  using  (AlO)  for  ^(rf(t).z^,t) 

given  (2is(t)  and  rf(t). 

(iv)  Solve  (A7)  using  this  end  conditioa 

(v)  From  the  solution  of  (A7),  find  Jrtrf(t),t]  for  all  time 
steps  using  (A6). 

(vi)  Recalculate  (is(0  (A4)  including  J,  {i.e.  return  to 


with 
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D  J 
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X-Xf 
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A3.  Numerical  Solution  by  Newton’s  Method 

We  linearize  (A15)  by  letting  u-Uo+6u  and  f»fo+6f, 
where  5u  and  5f  are  the  small  departures  of  the  exact  solu¬ 
tion  u  from  a  guessed  solution  Uo-  Following  linearization, 
(A15)  becomes 


d^i  1  dlnfo 

T  ~55r~ 


3u  __  1  du  ^  u  ^ 

lx  foVuc^"**  2foui'^  dx 


_d_  M 
dx  fo 


6f  ^  1  ^ 

fiVuo  ^  2foVuo  dt 


(A22) 


For  the  case  i“l,  (A23)  involves  u(0).  We  find  u(0) 
from  (A19).  On  the  first  pass  through  the  loop  of  Section 
A3,  we  assume  J,  *  0,  so  we  obtain  u(0)  from  (A19)  with 
Qis  from  (A20): 


Qis(t+e) » 


(A36) 


wfrere  ^  is  a  dummy  variable  of  integration.  On  the  next 
pass,  in  (A20}  we  need  du/ dx  I 


We  discretize  (A22)  neglecting  6f  as  follows.  Let  e»time 
step,  A  ■  space  step,  s  ■  A^  /  a.  Also,  let  x(i) «  Xf  (t + a) + i  •  A, 
and  let  u"‘’'‘(i)wu(x(i),T+a).  Then  at  time  t+a. 
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To  estimate  u^*  we  use 


u^‘»u;+ 


du,? 

dt 
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The  function  4  is  discretized  using 


fo(i)* 


1 


1  + 


Uo(i+l)-Uo(i-l) 

2A 


(A25) 


Equation  (A23)  is  to  be  solved  iteratively  at  each  time  step 
as  follows;  we  start  with  the  guess  u^'(i,t+a)»u“(i,t). 
Then  we  use  this  u^’  in  (A23)  and  solve  to  obtain 
uf^'Cht+a)  ■  u“*’*(i,t+e).  As  the  next  guess  we  take 
u^*(i.'t+e)  “  uf’’*(i,t+a).  With  this  Uo,  again  we  solve 
(A23)  for  the  second  approximation  U2“’*(i,t+a)  ■ 

u^'(i,T+a).  Then  take  u^  ■  U2  and  so  forth  until  the  change 
in  ufi.t+a)  is  small.  Once  this  occurs,  we  increment  the 
time  to  T+2a,  find  the  new  value  of  Xf(T+2a),  redefine  the 
index  i,  and  continue. 


^  ,  -3u(0)-t-4u(l)-u(2) 

dx  2A 


(A37) 


with  u(0),  u(l)  and  u(2)  from  the  last  pass.  To  use  the  tra¬ 
pezoidal  rule  in  (A20)  for  Q(t+a)  we  also  need 

»-L[5u(0)-11u(1)+7u(2)-u(3)]  (A38) 
Mf  4A 
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Abstract 

Bias  values,  determined  experimentally  to  result  in  single¬ 
event  gate  rupture  (SEGR)  in  power  metal  oxide  semicon¬ 
ductor  field  effect  transistors  (MOSFETs),  are  used  in  2-D 
device  simulations,  incorporating  the  experimental  geom¬ 
etry.  The  simulations  indicate  that  very  short  time  ox¬ 
ide  field  transients  occur  for  ion  strikes  when  Vj}s  #  OK. 
These  transients  can  affect  SEGR  through  hole  trapping 
and  redistribution  in  the  oxide. 

I.  Introduction 

Single-event  burnout  (SEB)  and  single-event  gate  rup¬ 
ture  are  two  catastrophic  effects  leading  to  power  MOS- 
FET  failure  in  space.  In  both  cases,  the  single-event  fail¬ 
ure  mechanisms  are  initiated  by  a  heavy  ion  traversing  the 
device,  creating  electron-hole  pairs  along  its  path.  In  the 
case  of  SEB,  the  current  from  the  generated  carriers  causes 
a  voltage  drop  across  the  base-emitter  region  of  the  par¬ 
asitic  bipolar  junction  transistor  (BJT),  inherent  to  the 
structure  of  a  vertical  double-diffused  metal  oxide  semicon¬ 
ductor  (VDMOS)  power  transistor.  If  this  parasitic  BJT 
turns  on,  while  the  drain  is  under  a  large  bias,  sufficient 
carrier  multiplication  occurs  resulting  in  excessive  current 
flow  that  induces  thermal  destruction  of  the  device  [1]. 

In  the  case  of  SEGR,  the  ion  strikes  the  device  in  the  neck 
region,  as  shown  in  Fig.l.  For  an  n-channel  power  MOS- 
FET,  the  electric  field,  due  to  the  applied  positive  drain 
bias,  causes  the  generated  holes  in  the  silicon  to  move  to¬ 
ward  the  interface  and  the  electrons  to  move  toward  the 
drain  contact.  The  holes  diffuse  toward  the  p-body  at  a 
slower  rate  than  the  holes  drifiting  toward  the  interface  re¬ 
sulting  in  a  hole  pile-up  condition  at  the  interface  around 
the  strike  area.  This  hole  accumulation  effect  at  the  Si- 
Si02  interface  creates  a  pool  of  positive  charge,  which  re¬ 
sults  in  a  transient  field  increase  across  the  oxide  at  the 
track  position.  If  this  transient  field  increases  above  a  crit¬ 
ical  value,  oxide  breakdown  occurs;  and  the  collected  holes 
discharge  through  the  oxide,  heating  the  structure  locally. 
If  the  breakdown  current  lasts  long  enough,  a  permanent 
short-circuit  through  the  oxide  results  [2]. 

The  purpose  of  this  paper  is  to  present  a  physical  pic¬ 
ture  of  the  effects  in  a  power  VDMOS  transistor  leading 
to  SEGR.  We  compare  simulation  with  measurements  on 

•This  work  was  supported  by  the  Naval  Surface  Warfare  Center 
and  the  Defense  Nuclear  Agency 


Fig.l  An  ion  traversing  a  VDMOS  power  transistor  in  the  neck  region 
can  initiate  SEGR.  The  vertical  electric  field  due  to  the  drain  bias 
separates  the  carriers  along  the  track. 


stripe  geometry  VDMOS  power  transistors  that  show  the 
SEGR  breakdown  dependence  on  drain-to-source  (Vi?5) 
and  gate-to-source  (Vg5)  voltage  for  different  values  of  lin¬ 
ear  energy  transfer  (LET)  of  the  incident  ion.  Results  from 
real  device  structures  are  used  to  investigate  SEGR  physics 
and  mechanisms.  SUPREM-4^  data  for  the  test  structure 
were  used  in  PISCES^  simulations  to  make  accurate  com¬ 
parisons  of  simulation  results  with  experimental  data.  An 
extensive  experimental  data  set  for  the  test  structure  was 
provided  by  Wheatley,  Titus,  and  Burton  [3]. 

II.  Experimental  Data 

Experiments  were  conducted  with  stripe  geometry  n- 
channel  power  MOSFETs  [3],  Figure  2  shows  one  half  of 
the  symmetrical  cross  section  of  the  devices.  The  devices 
have  a  “50nm”  gate  oxide  and  were  screened  before  irradi¬ 
ation  to  select  those  devices  with  a  narrow  distribution  of 
threshold  voltage,  namely  2.9  <  Vth  <  3.1.  During  mea¬ 
surements,  the  source  was  grounded;  and  the  negative  gate 
voltage  or  the  positive  drain  voltage  were  incremented  in 
IV  steps  until  the  device  failed.  The  measurements  were 
repeated  for  different  LET  values,  and  only  points  where 

'The  SUPREM-4  program  ATHENA  V-1.0.2  from  Silvaco 
International 

^Thc  PISCES  program  ATLASII  V-1.3.2  from  Silvaco 
International 
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Fig. 2  Cross  section  of  the  stripe  geometry  test  device  used  in  the  ex¬ 
periments  and  simulations. 


LET 

M eV  cm^ 

: 

Vds  [V] 

Vas  [V] 

Ion  Type 

mg 

7.8 

20 

-37.6 

Silicon 

40 

-31.7 

60 

-25.7 

26.4 

0 

-33.4 

Nickel 

10 

-26.9 

20 

-20.4 

30 

-13.9 

37.1 

0 

-29.4 

Bromine 

10 

-22.1 

20 

-14.7 

30 

-7.4 

82.2 

0 

-19.6 

Gold 

7 

-13.8 

14 

-8.0 

20 

-3.0 

Table  I  Bias  points  for  the  simulations  at  different  LET  values  ob¬ 
tained  from  the  measurements;  the  values  correspond  to  the  bias 
conditions  where  SEGR  occurred  (3), 


SEGR  (and  not  SEB)  occurred  were  reported.  The  volt¬ 
ages  at  the  failing  point  were  evaluated  by  taking  the  me¬ 
dian  device  only  and  averaging  the  last  passing  value  and 
the  first  failing  value. 

The  experimental  data  extend  existing  measurements  on 
MOS  capacitors  [4]  and  on  MOSFET’s  without  significant 
substrate  fields  [5]  to  the  case  where  substantial  substrate 
fields  are  applied  using  a  drain-to-body  reverse  bias.  In 
these  experiments,  the  pre-strike  (dc)  oxide  fields  and  sub¬ 
strate  fields  are  independently  varied.  Prior  to  strike,  this 
independence  of  the  field  in  the  substrate  from  that  in  the 
oxide  is  assured  because  a  dc  interfacial  layer  of  holes  is 
maintained  under  all  bias  conditions,  forcing  the  interface 
to  be  an  equipotential  held  at  the  body  voltage  (see  Sec¬ 
tion  III).  Because  the  body  is  short  circuited  to  the  source, 
the  pre-strike  oxide  field  is  Fqxdc  =  {Vgs/^^oxI  and  the 
pre-strike  interface-to-substrate  voltage  is  WsDy  where  Wqs 
and  VsD  are  controlled  independently. 

The  data  shown  in  Table  1  are  particularly  interesting 
because  they  show  that  SEGR  is  strongly  affected  by  the 
presence  of  substrate  fields  (a  Vos  dependence).  Our  sim¬ 
ulations  show  that  the  pre-strike  oxide  field  Fqxdc  aug¬ 
mented  during  or  after  the  strike  by  an  amount  dependent 
upon  the  pre-strike  substrate  field  (determined  by  V/55). 

The  basic  mechanism  behind  this  strike^induced  increase 
in  oxide  field  was  shown  earlier  to  be  due  to  the  interfacial 
collection  of  holes,  which  first  are  created  by  the  incident 
ion  and,  then,  are  driven  to  the  interface  by  the  substrate 
field  [2].  This  earlier  work,  however,  showed  only  that  the 
oxide  field  was  increased  by  this  mechanism.  In  this  paper, 
the  simulated  field  versus  time  curves  following  a  strike 
are  calculated  for  the  same  LET  value  as  the  incident  ion 
and  the  same  biasing  condition  {Vos  and  Vos)  as  shown 
experimentally  to  result  in  SEGR.  The  correlation  of  the 


experimental  and  simulation  data  will  be  used  to  elucidate 
the  charge  collection  effects  at  the  Si-Si02  interface  and 
also  to  discuss  the  importance  of  the  charge  separation 
effects  in  the  gate  oxide. 


III.  Demonstration  of  a 
Pre-Strike  Inversion  Layer 

Fig.  3  is  a  plot  of  the  experimental  points  where  SEGR 
occurred  as  a  function  of  V05  and  Vos  for  different  LET 
values  of  incident  ions.  The  plot  was  generated  by  expres¬ 
sion  (1),  derived  by  Wheatley,  Titus,  and  Burton,  by  fitting 
their  measurements  [3],  where  dox  is  the  oxide  thickness 
in  nm  and  LET  is  the  linear  energy  transfer  of  the  incident 
ion  in  MeV-cm^/mg  (see  also  Table  1). 


Vos  =  OMVds 


—  exp 


(1) 


The  oxide  thickness  dependence  of  expression  (1)  was  not 
explored  experimentally.  The  n-channel  VDMOS  transis¬ 
tors  used  in  the  experiments  and  in  the  simulations  were 
biased  with  Vos  negative  and  with  Vqs  positive.  In  or¬ 
der  to  determine  the  bias  conditions  for  which  the  Si-SiOo 
interface  was  inverted,  we  simulated  the  structures  at  dif¬ 
ferent  biasing  conditions  and  extracted  the  biases  at  which 
the  inversion  layer  carrier  concentration  at  the  Si-SiOo  in¬ 
terface  was  equal  to  the  background  doping  concentration 
(onset  of  strong  inversion). 

The  upper  dashed  line  in  Fig.  3  indicates  the  boundary 
condition  for  the  onset  of  strong  inversion.  Every  biasing 
point  underneath  this  boundary  line  is  associated  with  a 
dc  interfacial  layer  of  holes  that  serves  to  establish  the 
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interface  as  an  equipotential  with  the  same  potential  as 
the  source.  This  condition  assures  a  separate  control  of 
the  pre-strike  oxide  field  and  the  substrate  field  strength 
by  Vgs  and  VdSi  respectively.  The  marked-out  regions 
at  the  bottom  and  far  right  indicate  the  actual  electrical 
breakdown  limits  of  the  device. 


with  the  LET  of  the  incident  ion  as  a  parameter.  This  plot  was 
created  by  applying  expression  (1),  which  is  an  empirical  fit  to  the 
experimental  data  [3].  The  top  dashed  line  indicates  the  pre>etrike 
boundary  of  the  strong  inversion  onset.  The  filled  regions  at  the 
bottom  and  right  indicate  an  invalid  operating  region  beyond  the 
breakdown  limits  of  the  device. 


IV.  Transient  Oxide  Field 

Fig.  4  shows  an  enlarged  cross  section  of  the  device  with 
an  inversion  layer  at  the  interface  (horizontal  line  of  holes) 
as  discussed  in  Section  III.  The  filled  and  empty  circles 
represent  holes  and  electrons,  respectively.  The  carriers  in 
this  figure  have  already  started  to  separate  under  the  influ¬ 
ence  of  the  drain-to-source  field.  While  the  electrons  have 
been  drawn  toward  the  positively  biased  (with  respect  to 
the  source)  drain  contact,  the  holes  have  moved  toward 
the  negatively  biased  gate  electrode.  Since  the  holes  can- 
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Fig.4  Simplistic  view  of  substrate  charge  collection  eiS’ect  after  ion 
strike. 


If  we  fix  a  constant  drain  bias  in  Fig.  3,  we  can  ex¬ 
tract  the  critical  externally  applied  pre-strike  field  across 
the  oxide,  Fcrit  =  intersection  point  for  any 

given  LET  curve.  For  the  case  of  Vi?5=0V,  the  plot  of 
^erit  versus  LET  is  similar  to  the  MOS-capacitor  measure¬ 
ments  performed  by  Wrobel  [4].  But,  besides  this  LET 
dependence  of  SEGR  due  to  charge  generation/separation 
effects  in  the  oxide  (see  Section  VI),  Fig,  3  clearly  shows 
a  Vi>5  dependence  on  SEGR  breakdown.  This  experimen¬ 
tal  observation  is  extremely  important  because  it  seems  to 
contradict  the  previous  argument  that  the  oxide  field  and 
^DS  are  independent. 

This  contradiction  can  be  removed  if  we  notice  that  the 
previous  argument  is  based  on  dc  fields.  That  is,  we  now 
will  argue  that  a  transient  oxide  field  occurs  following  an 
ion  strike  with  a  magnitude  dependent  upon  the  value  of 
Vds.  This  transient  field  increases  the  oxide  field  in  a 
region  localized  near  the  ion  track  by  a  substrate  charge 
collection  mechanism  outlined  in  Section  IV. 


not  cross  the  oxide,  they  pile  up  at  the  interface  at  the 
ion  track  location.  This  local  increase  of  positive  charge 
at  the  interface  induces  an  equal  image  charge  at  the  gate 
side  of  the  oxide  and,  thus,  increases  the  field  across  the 
oxide  [2].  In  time,  the  holes  drift  and  diffuse  away  from 
the  track  location  toward  the  grounded  body /source  con¬ 
tact;  and  the  local  charge  build-up  decreases  back  to  zero 
(pre-strike  case).  The  peak  of  the  transient  field  was  deter¬ 
mined  by  simulation  (see  Section  V)  to  occur  after  approx¬ 
imately  2ps  and  lasts  only  20--300ps  for  the  LET  values 
in  the  range  of  7.8  <  LET  <  82.2.  As  discussed  in  the 
Appendix,  there  are  inaccuracies  in  the  modeling  of  the 
transient  field.  Nonetheless,  the  basic  mechanism  of  hole 
buildup  is  supported,  regardless  of  these  inaccuracies. 

V.  Simulation — Transient 
Substrate  Effects 

Transient  2-D  simulations  with  ATLAS  1 1  were  performed. 
A  cylindrical  approximation  for  the  device  was  used,  with 
the  ion  passing  through  the  center.  The  cross  section,  ma¬ 
terials,  and  profiles  of  the  simulated  transistor  were  taken 
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from  SUPREM-4  data  of  the  experimental  test  devices  to 
guarantee  simulation  conditions  equivalent  to  the  exper¬ 
iment  (see  Fig.  2).  Impact  ionization  models  have  been 
tested  in  simulations  for  “worst-case”  conditions  of  the  ap¬ 
plied  bias  to  verify  that  this  structure  is  designed  for  much 
lower  voltages  than  the  structure  in  [6]  and  so  avalanche 
plays  no  role  in  our  simulation;  thus  no  impact  ioniza¬ 
tion  model  was  included  in  the  SEGR  simulations.  The 
gate,  drain,  and  source  voltages  were  chosen  to  match 
the  data  points  in  Table  1.  An  initial  filament  radius  of 
r  =  0.12;im[7]  was  assumed,  and  equation  (2)  was  solved 
for  each  LET  value  to  find  the  carrier  density  per  unit 
volume  in  the  track  generated  by  the  passing  ion  in  the 
epitaxial  layer  [7]. 


LET 

eV  cm^ 

X2.33  [3] 

gm 

X  3.6 

’  cV 
pair 

pairs 

cm^ 
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To  obtain  convergence  at  such  high  (10^®  <  n  <  10^°) 
carrier  densities,  the  generation  of  the  pairs  was  simulated 
as  a  time  dependent  ramp  with  a  risetime  of  4fs.  The  radial 
distribution  of  charge  pairs  in  the  track  falls  off  from  the 
center  as  r“^[7].  A  comparison  of  the  simulated  oxide  field 
for  the  case  of  a  uniform  carrier  concentration  in  the  track 
and  the  case  of  a  linearly  decaying  carrier  concentration 
with  the  total  number  of  carriers  in  the  track  fixed  was 
done.  The  difference  in  these  two  results  was  minor  (< 
2%)  and;  therefore,  a  uniform  radial  distribution  of  the 
generated  carriers  was  used  in  the  simulation. 


tim«  [jM] 

Fig.5  Electric  field  at  strike  location  in  the  oxide  versus  time  for  the 
biases  shown  in  Table  1  (Nickel  ion,  LET=26.4) 


Figure  5  shows  the  simulated  maximum  vertical  electric 
field  in  the  oxide  versus  time  for  the  nickel  ion  (LET=26.4) 
at  the  different  biases  from  Table  1.  This  transient  peak 
in  the  electric  field  occurred  locally,  where  the  ion  passed 
through  the  oxide,  and,  as  illustrated  in  Section  IV,  is  due 
to  the  hole  collection  at  the  Si-Si02  interface.  For  all  val¬ 
ues  of  VoSi  at  t=0,  the  value  of  the  peak  oxide  field  is  just 
the  pre-strike  field  determined  by  Foe  =  Note  that 

the  horizontal  curve  in  Fig.  5  corresponds  to  V£>5=0V.  As 
mentioned  above,  the  lack  of  a  vertical  electric  field  in  the 
substrate  for  this  case  does  not  support  the  electron-hole 
separation  in  the  bulk;  and,  therefore,  hole  “pile-up”  at  the 
surface  does  not  occur.  In  other  words,  the  transient  char¬ 
acter  of  the  oxide  field  does  not  occur  because  no  charge 
separation  or  hole  pile-up  occurs  in  the  silicon  substrate. 
For  Vps  ^  OV,  the  time  for  the  transient  electric  field  to 
reach  the  peak  value  is  ^  2ps  for  the  case  of  the  nickel 
ion.  The  simulations  of  the  other  LET  values  listed  in  Ta¬ 
ble  1  show  a  similar  time  to  reach  the  peak  field.  For  the 
nickel  ion  of  Fig.  5,  we  see  that  the  transient  field  starts 
to  decay  after  the  peak  value  was  reached  and  returns  to 
it^s  pre-strike  value  after  «  50ps.  Simulations  of  the  sili¬ 
con,  bromine,  and  gold  ions  result  in  transient  lifetimes  of 
approximately  30,  70,  and  300ps,  respectively. 


Fig.6  Maximum  electric  field  across  oxide  for  Vds  ^  ^DS  = 

20  V  versus  LET  value  of  the  incident  ion. 


In  Fig.  6,  the  maximum  field  is  plotted  versus  LET  from 
our  transient  simulations  for  Vps  =  20V  and  with  the 
corresponding  |V(7s|  from  Table  1,  The  peak  fields  are 
taken  from  curves  like  Fig.  5,  generated  for  each  LET.  For 
Vps  =  0,  Fig.  5  shows  the  field  is  time  independent,  but 
for  Vbs  ^  0  the  oxide  field  has  a  transient  component  and 
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peaks  at  a  higher  value  than  for  Vos  =  0. 

Figure  6  shows  that  the  maximum  value  of  the  electric 
field  across  the  oxide  for  SEGR  decreases  with  increasing 
LET.  For  any  given  Vos  value,  this  trend  is  consistent  with 
the  trend  for  the  dc  field  corresponding  to  SEGR  from 
Fig  3.  For  the  case  of  Vos  =  0,  this  peak  value  is  just 
the  dc-field  Foe-  For  the  case  of  Vps  =  201^,  the  peak 
electric  field  is  increased  beyond  this  dc-field  temporarily, 
as  shown  in  Fig.^5.  The  transient  component  of  the  oxide 
field  is  due  to  the  substrate  charge  separation  effects.  If 
the  maximum  oxide  field  had  the  same  effect  on  the  oxide 
regardless  of  its  duration,  the  data  points  for  Vos  =  201^ 
from  Fig.  6  would  coincide  with  the  Vos  =  OK  data.  The 
fact  that  the  two  curves  in  Fig.  6  do  not  coincide  shows 
that  the  transient  behavior  of  the  oxide  field  for  Vos  ^  0 
plays  a  role.  To  explain  the  Vos  dependence  of  SEGR,  we 
need  to  understand  what  happens  in  the  oxide  during  the 
time  interval  before  the  transient  Vbs -dependent  part  of 
the  field  vanishes. 

VI.  Oxide  Effects 

The  Vos  =  OV  data  of  Wheatley  and  Titus  [3],  as  well 
as  the  earlier  data  of  Fischer  [5]  and  Wrobel  [4],  show  that 
the  oxide  field  and  LET  affect  SEGR.  Fig.  6  shows  that, 
for  transient  oxide  fields,  larger  fields  are  needed  to  cause 
SEGR  than  in  the  dc  field  case.  To  understand  why  tran¬ 
sient  oxide  fields  must  be  larger  to  cause  SEGR,  we  need 
to  examine  what  occurs  in  the  oxide  under  transient  field 
conditions.  A  basic  difficulty  in  using  the  simulation  re¬ 
sults  to  interpret  the  physical  effects  after  an  ion  strikes  a 
VDMOS  transistor  is  that  the  simulation  does  not  model 
the  evolution  of  charging  or  charge  transport  in  the  oxide 
itself. 

Let  us  suppose  that  the  effects  of  field  and  LET  on 
SEGR  are  due  to  trapped  hole  charge  and  its  distribu¬ 
tion  in  the  oxide.  That  is,  we  suggest  an  explanation  of 
the  Vos  dependence  of  SEGR  depends  on:  (i)  how  many 
holes  survive  in  the  oxide  and  remain  there  as  positive 
trapped  charge  and  (ii)  where  the  holes  are  located  once 
they  get  trapped.  This  suggestion  is  motivated  by  yield  ex¬ 
periments  [8]  that  show  the  number  of  holes  trapped  in  an 
oxide  layer  following  an  ion  strike  increases  with  increasing 
oxide  field.  These  experiments  also  show  that  the  number 
of  holes  trapped  is  a  weakly  increasing  function  of  LET. 
These  dependencies  of  hole  trapping  are  somewhat  similar 
to  those  of  SEGR. 

In  addition  (e.g.,  as  discussed  by  Oldham  [8]),  analysis 
suggests  that  the  results  of  these  yield  experiments  can  be 
explained  by  a  numerical  simulation  of  recombination  in 
the  presence  of  drift  and  diffusion.  The  correct  treatment 
of  transport  and  recombination  of  non-equilibrium  pair  dis¬ 
tributions  at  sub-picosecond  times  is  not  well  understood. 
However,  the  analysis  shows  that  the  effects  on  yield  oc¬ 
cur  in  times  less  than  picoseconds,  which  is  consistent  with 
the  speculation  that  the  Vos  dependence  of  SEGR  is  due 


to  the  influence  of  short-time  Vjps-related  oxide  field  tran¬ 
sients  upon  hole  survival  in  the  oxide. 

The  distribution  of  the  holes  in  the  oxide  is  also  a  possi¬ 
ble  contributing  factor  to  SEGR.  This  distribution  can  be 
affected  by  the  spatial  variation  in  recombination.  The  dis¬ 
tribution  also  could  be  affected  by  hole  transport,  which 
occurs  by  three  different  mechanisms,  depending  on  the 
time  scale  of  interest:  for  t  <  2ps,  “dry”  hole  transport 
with  fi  =  lcm?/{Vs)y  for  2ps  <  t  <  100ns  small  polaron 
transport  with  p  «  2  x  lO^^cm^/CKs),  and  for  t  >  100ns 
a  dispersive  trap-related  transport  [9].  Different  hole  dis¬ 
tributions  can  lead  to  substantially  different  fields  in  the 
oxide  (see  Fig.  7)  that  could  influence  SEGR  by  changing 
charge  injection  conditions  that  contribute  to  oxide  break¬ 
down. 


Gate  I  Oxide  Si  Gate  Oxide  |  Si  Gate  |  Oxide  Si 

2x 

Case  A  Total  Charge =0  CaseB:P(x)=PQ  CaseB:P(x)=Pp  — 

Fig.7  Case  A  shows  the  generated  carriers  in  the  oxide  before  they 
started  to  recombine  or  separate.  The  net  charge  is  zero  and  therefore 
the  electric  field  is  the  pre-strike  field  \VQsldoxV  Case  B  pictures 
a  later  time  after  some  holes  have  survived  recombination.  These 
trapped  holes  raise  the  electric  field  at  the  gate-side  of  the  oxide. 
Case  C' shows  a  still  later  time  where  the  holes  had  some  redistribu¬ 
tion,  increasing  the  oxide  field  even  more. 

Based  on  the  above  considerations,  our  proposed  SEGR 
mechanism  is  as  follows.  For  the  case  of  Vos  =  0,  the 
pre-strike  oxide  field  Foe  =  determines  the  num¬ 

ber  of  surviving  boles  in  the  gate  oxide.  These  trapped 
holes  increase  the  oxide  leakage  current  (see  Fig.  7).  This 
increased  leakage  current  can  result  in  breakdown  of  the 
oxide  at  the  strike  location.  If  |Kg5|  is  below  the  critical 
value  for  Vos  =  0,  more  holes  in  the  oxide  recombine  be¬ 
fore  the  electrons  have  been  swept  out  by  the  field  Foc^ 
and,  therefore,  no  SEGR  occurs.  On  the  other  hand,  when 
Ki35  >  0,  the  subsirait  charge  separation  (or  interface  hole 
pile-up)  effect  due  to  Vos  results  in  an  increased  oxide  field 
for  a  few  picoseconds.  This  transient  field  increase  reduces 
recombination  in  the  oxide  and  increases  the  number  of 
trapped  holes.  This  increased  number  of  trapped  holes  in- 
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creases  the  oxide  leakage  current,  so  a  given  dc  Vcs-bias 
will  draw  a  larger  oxide  leakage  current  than  before  the 
transient.  Thus,  SEGR  can  occur  for  lower  (dc)  Vas  val¬ 
ues  once  a  Vcs-related  transient  has  occurred.  The  lower 
the  (dc)  Vas  value,  the  larger  the  Vbs-related  oxide  field 
transient  must  be  to  reduce  recombination  in  the  oxide  suf¬ 
ficiently  to  leave  enough  holes  in  the  oxide  to  cause  SEGR. 

VII.  Summary 

Experimental  data  for  SEGR  on  stripe  geometry  VDMOS 
transistors  from  Wheatley,  Titus,  and  Burton  have  been 
compared  with  the  results  of  an  equivalent  2-D  simulation. 
We  have  shown  that  these  data  cannot  be  explained  on 
a  dc  basis.  A  transient  field  increase  created  by  the  hole 
collection  at  the  Si-SiOj-interface  was  demonstrated.  The 
time-scale  information  for  the  transient  oxide  field  increase 
due  to  Vds  extracted  by  simulation  was  used  to  suggest  a 
mechanism  for  the  Vps  dependence  of  SEGR.  This  mech¬ 
anism  is  based  on  hole  trapping  and  redistribution  in  the 
oxide  at  short  times  following  the  ion  strike. 
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at  a  grounded  potential  along  its  perimeter.  Because  of  the 
equipotential  boundary  all  around  the  structure,  the  trans¬ 
port  of  the  carriers  is  mainly  determined  by  diffusion  rather 
than  by  drift.  Figure  8  shows  the  structure  at  t=0  immedi- 


Fig.8  Enlarged  section  of  square-shaped  intrinsic  silicon  with  a  de¬ 
posited  charge  sheet  (N=P=5x  10‘9cm-’)  in  the  center  with  a  width 
of  w=0.2nm.  Fig.  9  and  Fig.  10  show  the  hole  concentration  and  hole 
velocity  along  the  cutline  at  z=h/2  for  tssOps  and  t=lps,  respectively. 


ately  after  the  deposition  of  the  charge  in  the  0.2/im  wide 
sheet.  Fig.  9  and  Fig.  10  are  plots  of  hole  concentration 


IX.  Appendix:  Simulation 
Inaccuracies 

As  discussed,  for  example,  by  Lundstrom  [10]  for  thin 
base  transistors,  where  very  large  carrier  concentration  gra¬ 
dients  exist,  the  conventional  drift-diffusion  equation  (3) 

Jn,p  =  (n,Pk/in,pE±  gD„.pV(n,p)  (3) 

is  no  longor  valid  if  ec|uation  (4)  is  not  satisfied, 

SpS.pmT  rd(n,p)/dzV 

where  T  is  the  temperature,  m*  is  the  effective  mass,  fin,p 
is  the  mobility,  and  q  is  the  unit  charge  of  an  electron. 
For  the  simulation  of  the  gold  ion,  for  instance,  we  have 
to  deposit  «  1.2  X  lO^^/cm^  electron-hole-pairs  along  the 
track  (for  a  track  radius  of  r  =  0.1/im).  Even  if  we  use 
a  Gaussian  distribution  of  the  carriers  in  the  radial  direc¬ 
tion  to  smooth  out  the  gradient  of  the  carrier  concentra¬ 
tion,  we  would  still  need  to  distribute  the  carriers  over  a 
large  filament  radius  with  a  characteristic  distance  of  over 
lO/xm  in  order  to  validate  Pick’s  law  and  expressions  (3) 
and  (4).  To  investigate  the  validity  of  the  simulation  re¬ 
sults,  we  simulated  a  transient  response  of  5x  10^^/cm^ 
electron-hole-pairs  deposited  in  a  sheet  along  a  straight 
path  through  the  center  of  an  intrinsic  piece  of  silicon  held 


Hole  Concentration  and  Hole  Velocity 


Fig.9  Hole  concentration  and  hole  transport  velocity  at  t=0ps  along 
the  horizontal  cutline  in  Fig.  8. 

and  hole  transport  velocity  (vp  =  ^)  versus  lateral  dis¬ 
tance  along  a  horizontal  cutline  (X-direction)  at  z — h/2  in 
Fig.  8  for  t=0  and  t=lps.  The  simulator  employed  the  con¬ 
ventional  drift-diffusion  equation  (3)  together  with  Pois- 
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Hole  Concentration  and  Hole  Velocity 
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Fig.lO  Hole  concentration  and  hole  transport  velocity  at  t=:lp8  along 
the  horizontal  cutline  in  Fig.  8. 


son’s  equation  and  the  current  continuity  equation.  We 
see  clearly,  in  Figures  9  and  10,  that  the  transport  veloc¬ 
ity  of  the  holes  at  the  location  of  high  carrier  concentra¬ 
tion  gradients  has  exceeded  the  thermal  velocity  of  holes 
(vth  «  8  X  lO^cm/scc.).  It  is  physically  incorrect  that  such 
high  velocities  occur,  demonstrating  that  the  conventional 
drift- diffusion  model  (3)  is  inaccurate  for  single-event  sim¬ 
ulations. 
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Abstract 

This  work  examines  the  role  of  the  substrate  response  in  deter¬ 
mining  the  temperature  and  angular  dependence  of  Single-Event 
Gate  Rupture  (SEGR).  Experimental  data  indicate  that  the 
likelihood  of  SEGR  increases  when  the  temperature  of  Uie  device 
is  increased  or  when  the  incident  angle  is  made  closer  to  normal. 
In  this  work,  simulations  are  used  toexplore  this  influence  of  high 
temperature  on  SEGR  and  to  support  {Aysicai  explanations  for 
this  effect  The  reduced  hole  mobility  at  high  temperature  causes 
the  hole  concentration  at  the  oxide-silicon  interface  to  be  greater. 
inrrpa<iing  the  transient  oxide  field  near  the  strike  position.  In 
addition,  numerical  calculations  show  that  the  uansient  oxide 
field  deaeases  as  the  ion’s  angle  of  incidence  is  changed  from 
normal.  This  decreased  field  suggests  a  lowered  likelihood  for 
SEGR.  in  agreement  with  the  experimental  trend. 

L  INTRODUCTION 

Double-diffused  metal-oxide-semiconductor  (DMOS)  power 
devices  are  capable  of  conducting  large  currents  when  turned  on 
and  withstanding  large  voltages  when  turned  off  [1].  Power 
DMOS  transistors  are  widely  used  in  space  applications.  How¬ 
ever,  in  the  cosmic-ray  environment,  they  are  exposed  to  ener¬ 
getic  heavy  ions.  The  passage  of  a  single  heavy  ion  through  the 
device  can  lead  to  significant  permanent  degradation  of  the 
device  or  cause  catastrophic  failure. 

In  power  Metal-Oxide-Semiconductor  Reid  Effect  Transisttws 
(MOSFETs),  twosingleeventeffects  have  been  observed:  Single- 
Event  Burnout  (SEB)  and  Single-Event  Gate  Rupture.  These 
phenomena  can  be  understood  in  terms  of  the  physical  structure 
of  the  device.  A  cross  section  of  a  power  DMOS  transistor  is 
shown  in  Rgure  1. 
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Fig.  i  Power  MOSFET  structure,  showing  an  ion-strike  filament  at  the 

center  of  the  n-neck  region,  with  holes  moving  upward  and  electrons 
downward  under  the  inHuence  of  the  positive  drain  voltage. 

SEB  can  occur  in  n-channel  power  MOSFETs  when  a  heavy  ion 
strikes  the  device  in  the  portion  of  the  p-body  where  the  channel 
is  formed,  in  the  p-body  under  the  n*  source,  or  in  the  neck  region 
within  close  proximity  to  the  p-body.  The  passage  of  this  ion 
generates  a  current  filament  that  locally  turns  on  a  parasitic  npn 
bipolar  junction  transistor  (B  JT)  inherent  to  the  power  MOSFET. 
Depending  on  how  strongly  this  BJT  is  inidaily  turned  on,  the 
currents  within  the  device  can  legeneratively  increase,  through  an 
avalanche  proce^,  until  second  breakdown  of  the  parasitic  BJT 
occurs,  leading  to  failure  of  the  device  [2]. 

SEGR  can  occur  when  a  heavy  ion  strikes  the  neck  region  of  the 
device.  The  energy  deposited  by  this  ion  creates  a  high-densiiy 
filament  of  electron-hole  pairs  in  both  the  oxide  and  the  silicon. 
In  this  work,  we  focus  attention  on  the  response  of  the  pairs  in  the 
silicon  itself.  When  a  positive  bias  is  applied  on  the  drain 
electrode  of  an  n-channel  power  MOSFET,  the  pairs  created 
along  the  ion  track  are  separated;  the  holes  are  driven  toward  the 
gate  and  the  electrons  flow  toward  the  drain,  as  shown  in  Figure 
1.  The  accumulated  holes  at  the  Si-Si02  interface  and  their  image 
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charge  in  the  gate  electrode  cause  the  electric  field  in  the  oxide  to 
increase.  For  large  enough  fields,.oxide  breakdown  can  occur. 
This  model  is  suRwrted  by  room-temperature  simulations  for 
normally  incident  ions  [3]. 

Experimental  data  from  irradiation  of  power  MOSFETs  with 
heavy  ions  at  high  temperature  and  with  various  incident  angles 
have  been  repotted  by  Nichols  et  al.  [4].  These  data  for  elevated 
temperature  and  for  normal  incittence  are  summarized  in  Table  I. 

Table  I 

Measured  SEGR  voltages  at  several  temperatures  for  MOSFETs  irradi¬ 
ated  at  normal  incidence  with  heavy  ions  summarized  from  Nichols  et 
al.  [4]. 
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The  experiments  suggest  that  SEGR  occurs  at  lower  drain  biases 
when  the  devices  are  irradiated  at  high  temperature,  although  the 
increment  used  for  Vos  was  too  large  to  establi^  this  result  with 
certainty.  In  addition,  the  results  of  Nichols  et  al.  for  incident 
angles  far  from  normal  indicate  a  weak  trend  that  a  normal 
incident  angle  is  the  worst  case.  The  large  step  size  used  for  Vds 
precludes  making  definite  conclusions.  These  data  show  global 
trends  that  need  further  investigation. 

It  is  difficult  to  examine  these  dependencies  on  temperature  and 
angle  experimentally  because  of  the  large  number  of  experimen¬ 
tal  conditions  that  are  required  to  establish  general  relationships. 
In  this  work,  simulations  are  used  to  understand  the  effect  of 
temperature  on  SEGR  and  the  influence  of  the  incident  angle  on 
SEGR  is  examined  experimentally,  and  also  discussed  using  a 
gimpi(»  physical  model.  This  work  focuses  on  the  role  of  the 
substrate  response  in  determining  SEGR  response  and  does  not 
address  the  dynamic  response  of  the  oxide.  With  the  drain  of  the 
device  positively  biased  and  the  gate  grounded,  the  electrons 
generated  in  the  oxide  and  driven  toward  the  Si-SiOj  interface 


are  swept  into  the  silicon.  Because  of  the  small  absolute  quantity 
of  electrons  created  in  the  oxide  (since  the  oxide  is  thin  and  the 
track  is  «=maiipr  in  the  oxide  than  in  the  silicon),  the  number  of 
holes  at  the  interface  is  not  significanUy  modified.  Moreover, 
simulations  were  performed  to  see  the  influence  of  fixed  charge 
(posifive  or  negative)  in  the  oxide  on  hole  transport  in  the 
substrate.  The  oxide  charge  did  not  change  the  results,  showing 
that,  to  first  order,  the  oxide  effects  do  not  affect  the  substrate 
response.  Hence,  it  is  reasonable  to  consider  the  mechanisms  in 
the  oxide  and  the  substrate  independently. 

n.  TEMPERATURE  DEPENDENCE 


A.  Simulation  Background 

The  numerical  simulations  were  performed  using  ATLAS  II  (the 
2D  SILVACO  version  of  PISCES)  [5].  The  simpUfied  model, 
with  cylindrical  symmetry,  that  was  used  to  represent  the  simu¬ 
lated  device,  is  shown  in  Figure  2.  The  dimensions  of  the 
simulated  stnicture,  as  weU  as  the  doping  of  the  different  regions, 
are  also  noted  in  the  figure.  The  models  used  for  these  simula¬ 
tions  are  discussed  in  the  Appendix.  The  simulated  track  has  an 
initial  radius  of  0.l24Mm  and  a  uniform  density  of  electron-hole 
pairs  of  1.2xl0‘9  foal  This  corresponds  approximately  to  an 
LET  of  9  MeV-cm^/mg.  Although  this  is  a  relatively  low  LET, 
itaflows  illustratirm  of  the  key  trends  in  the  SEGR  phenoineMn. 
The  simulations  were  run  at  five  different  temperatures:  BOOK, 
350K,  400K.  450K,  and  500K. 


fig.  2  Simplified  model,  with  cylindrical  symmetry,  which  was  used  to 

representthesimulateddevice.  This  figure  also  indicates  thedimensions 

of  the  device,  as  well  as  the  doping  of  the  different  regions. 


B.  Simulation  Results 

Figure  3  shows  the  electric  field  in  the  oxide  as  a  function  of  the 
distance  from  the  center  of  the  ion  track  (radius).  The  el^tric 
field  across  the  oxide  at  5ps  is  shown  for  300K,  400K.  and  ^OOK. 
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At  BOOK,  the  oxide  electric  field  obtains  its  maximum  value  5ps 
after  the  ion  strike.  At  400K  and  500K,  the  maximum  value  is 
reached  6ps  and  12ps  after  the  ion  strike,  respectively.  However, 
field  plots  for  times  of  6ps  or  12ps  are  qualitatively  similar.  The 
plots  clearly  indicate  an  increase  of  the  oxide  electric  field  when 
temperature  is  increased.  This  field  increase  confirms  that  a 
higher  operating  temperature  will  lead  to  a  larger  probability  for 
a  device  to  be  damaged  through  SEGR.  An  examination  of  the 
maximum  value  of  the  oxide  electric  field  (which  occurs  in  the 
center  of  the  ion  track)  as  a  function  of  time  shows  that  the 
maximum  electric  field  is  greater  at  higher  temperature  for  all 
times  (see  Figure  4).  For  devices  with  lower  breakdown  voltages, 
the  avalanche  in  the  device  is  not  significant  Thus,  for  such 
devices,  the  charge  density,  and  so  the  electric  field,  decay  more 
rapidly  [6].  Figure  5  shows  that  the  maximum  oxide  electric  field 
varies  approximately  as  the  square  root  of  temperature. 


Fig.  3  Electric  field  across  the  oxide  5ps  after  the  ion  strike,  as  a  function 
of  the  radius,  for  different  temperatures.  The  simulation  indicates  that 
the  oxide  elecuic  field  increases  as  temperature  increases. 


Fig.  4  Maximum  transverse  electric  field  in  the  oxide,  as  a  function  of 

time,  for  different  temperatures. 


Tempeianire  (K) 


Fig.  5  Plot  of  the  maximum  electric  field  in  the  oxide  as  a  function  of 
temperature.  The  maximum  electric  field  in  the  oxide  varies  approxi¬ 
mately  as  the  square  root  of  temperature. 


Fig.  6  Equi- hole-concentration  lines  in  the  device,  5ps  after  the  ion 
strike,  for  three  different  temperatures.  The  distances  are  referenced  to 
the  center  of  the  ion  track  (r)  and  to  the  Si-SiO^  interface  (z).  These  plots 
give  insight  into  the  hole  motion  in  the  device.  They  also  illustrate  that 
the  hole  motion  is  slower  at  high  temperature. 


51 


C.  Physical  Interpretation 

The  simulation  results  show  that  the  maximum  oxide  electric 
field  increases  when  temperature  is  increased.  According  to 
Brews  et  al.  [3],  this  larger  field  should  be  related  to  a  larger  hole 
concentration  at  the  interface  at  higher  temperatures.  According 
to  Kirchhoff  s  current  law,  this  hole  density  is  determined  by  the 
balance  between  the/ertical  inflow  of  holes  from  the  track  and 
the  outflow  of  holes  along  the  interface.  Because  temperature 
affects  both  currents,  it  is  not  obvious  how  the  balance  is  affected 
by  temperature.  Below,  we  show  that  the  hole  storage  increases, 
showing  that  the  outward  flow  of  holes  along  the  interface  is 
slowed  down  more  than  the  vertical  inward  flow  of  holes.  This 
higher  concentration  of  holes  at  a  given  time  leads  to  the  in¬ 
creased  electric  field,  as  will  be  shown. 

Figure  6  plots  equi-hole-concentration  lines  in  the  device  5ps 
after  the  ion  strike  for  the  three  temperatures  of 300K,  400K.  and 
500K.  These  plots  illustrate  that  the  hole  motion  in  the  device  is 
slower  at  high  temperature.  A  numerical  integration  of  the  hole 
concentration  over  a  0.5^m  deep  silicon  layer  below  the  Si-Si02 
interface  has  confirmed  this  trend.  The  result  of  this  integration 
is  shown  in  Figure  7.  In  this  figure,  the  number  of  boles  per  unit 
area  is  plotted  as  a  function  of  the  distance  to  the  track  This 
figure  shows  that,  for  a  higher  temperature,  a  larger  number  of 
holes  is  located  next  to  the  interface  around  the  strike  location. 


Fig.  7  Numerical  integration  of  the  hole  concentration  over  a  OJnm 
deep  silicon  layer  below  the  Si-SiOj  interface  for  three  different  tem¬ 
peratures.  5ps  after  the  ion  strike.  This  plot  shows  that,  for  a  higher 
temperature,  a  larger  number  of  holes  is  located  next  to  the  interface 
around  the  strike  location. 

m.  ANGULAR  DEPENDENCE 
A.  Experimental  Results 

The  data  of  Nichols  et  al.  [4]  also  show  a  trend  for  the  influence 
of  the  incident  angle  on  SEGR.  According  to  their  data,  it  seems 
that  ions  with  high  incidentangles  (that  is.  with  incident  angles  far 


Table  II 

SEGR  testing  results  with  Br  ion,  for  various  incidentangles.  This  table 
shows  that  when  the  incident  angle  is  made  further  from  normal,  the 
probability  for  SEGR  is  lower. 
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SEGR 
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Note:  V  <V  means  that  SEGR  occurred  on  the  first  bias  point,  for 
V  =V  .  V<V  <V',  means  that  no  failure  was  observed  for  and 

th^SEGRoccwed  for  V^=V^-  V'os=V',  refers  to  abias  pomt  where  SEB 


occurred. 
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from  normal)  have  a  lower  probability  to  induce  SEGR.  To 
confirm  these  experimental  results,  additional  heavy  icm  experi¬ 
ments  were  perfonnedtHi  four  diffeientkinds  of  powerMOSFETs. 
These  experiments  took  place  at  the  IPN  (Institut  de  Physique 
Nucidaiie)  component  defeated  testing  line,  set  up  by  the  CNES 
(Centre  National  d'Etudes  Spatiales),  in  Orsay,  France.  The  parts 
tested  were  IRF440s  (from  Motorola,  International  Rectifier,  and 
Harris)  and  IRF140s  (frean  Harris). 

¥ 

The  strategy  of  the  test  was  first  to  perform  an  initial  experiment 
on  agiven  device.  For  this  iiutial  test,  the  temperanue  was  set  at 
3(X)  K  and  the  heavy  ion  had  a  normal  incidence.  The  gate  bias 
Vgs  was  first  set  at  -15  V.  TTie  drain  bias  Vds  was  increased  in 
steps  of25V  fortheIRF440sandinstepsof  lOV  fortheIRF140s. 
If  burnout  was  observed  before  SEGR  (and  stopped  before 
destruction  of  the  device  occurred),  Vas  was  increas^  by  a  -5  V 
increment  and  the  test  started  again  with  this  new  value  for  the 
gate  bias. 

This  test  provided  an  initial  starting  value  of  Ves  and  Vqs  (or 
SEGR  faUure  of  the  device.  Then,  the  test  was  performed  at  the 
Vgs  obtained  when  SEGR  was  observed  in  the  irutial  test,  with  a 
smaller  increment  in  Vos  (5V  for  the  IRF44()s  and  2V  fw  the 
IRF140s).  Two  cases  where  examined:  normal  conditions  (nor¬ 
mal  incidence,  room  temperature)  and  high  incident  angle  (still 
atroom  temperature).  The  ion  chosen  for  diese  experiments  was 
the  Br  ion  at  196MeV  (LET  =  40  MeV-cm^/mg).  Ihe  results 
obtained  during  these  tests  ate  suimnarized  in  Table  2.  The 
expected  trend  ^jpeared  clearly:  SEGR  was  observed  later  (that 
is,  for  higher  values  of  Vos)  or  not  observed  at  all  when  the 
incident  angle  was  different  from  ntxmal. 

B.  Geometrical  Analysis 

As  shown  in  Hgure  8a,  at  normal  incidence,  the  electron-hole 
pairs  are  deposited  along  a  vertical  line  in  the  device.  Under  the 
influence  of  the  electric  field  created  by  die  positive  bias  on  the 
drain,  holes  are  driven  vertically  toward  the  gate  and  accumulate 
in  a  small  region.  However,  when  the  electron-hole  pairs  are 
deposited  along  an  oblique  line,  as  shown  in  Hgure  8b,  holes  are 
still  driven  vertically  by  the  applied  field,  and,  thus,  are  spread  out 
in  a  wider  area. 

The  experimental  trend  can  be  understood  by  considering  a 
simple  geometrical  model.  The  assumptions  used  in  this  simple 
model  ate  that  all  the  holes  located  within  a  certain  distance  from 
the  surface  are  transported  by  drift  to  the  Si-Si02  interface. 
Simulations  show  that  the  SEGR  process  is  dominated  by  holes 
within  about  1pm  of  the  interface.  Although  this  transport  is  not 
instantaneous,  the  time  parameter  has  been  ignored  for  this 
calculation.  Recombination  has  not  been  taken  into  accountas  it 
is  not  significant  for  the  time  it  takes  these  carriers  to  reach  the 
interface  (tens  of  picoseconds).  This  simple  calculation  assumes 
a  constant  carrier  concentration  within  a  track  radius  kept  equal 
to  its  initial  value. 


gate 


boles 


Accumuladoo 
of  boles 


Bg.  8  Distribution  of  the  boles  accumulated  at  the  Si^SiOj  interface  in  the  cas. 
of  a  normal  incident  angle  (a)  and  in  the  case  of  an  incident  angle  different  froa 
normal  (b).  Under  the  influence  of  the  electric  Held,  due  to  the  positive  bia. 
on  the  drain  electrode,  the  holes  are  driven  vertically  towards  the  Si-SiO 
interface.  In  the  case  of  an  incident  angle  different  from  normal,  the  bole^ 
spread  out  on  a  much  wider  area  than  when  the  incident  angle  is  normal. 


Bg.  9  Integration  of  the  number  of  holes  driven  up  to  the  interface  over 
a  depth  of  1  micron,  in  the  case  of  a  normal  incident  ion  and  in  the  case 
of  an  ion  with  an  incident  angle  equal  to  30*.  This  figure  indicates  that 
the  number  of  boles  per  unit  area  is  larger  when  the  incident  angle  is 
normal. 

In  the  nonnai  angle  case,  carrier  generation  is  uniform  through¬ 
out  the  shallow  collection  depth.  In  the  case  of  an  angle  different 
from  nonnai,  two  different  situations  can  occur.  If  d  sin  0  >  2r 
(where  d  is  thecollection  depth,  r  is  the  track  radius  and  0  is  the 
incident  angle,  relative  to  normal),  only  a  portion  of  the  integra¬ 
tion  depth  has  ion-generated  holes,  as  illustrated  in  Figure  8. 
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However,  when  this  reiationship  is  not  satisfied,  there  are  ion¬ 
generated  carriers  throughout  the  collection  depth.  The  areal 
density  of  carriers  in  this  case  is  the  same  as  in  the  normal 
incidence  case.  The  trend  exhibited  by  the  experimental  data 
suggests  that  the  case  where  d  sin  9  >  2r  is  ^plicable  here. 
Diffusion  has  not  been  included  in  this  model.  It  would  imply  an 
increase  in  the  radius  of  the  track  and  a  gaussian  distribution  of 
the  carriers  perpendicular  to  the  track.  This  can  be  treated 
conceptually  as  an  increase  in  the  track  radius. 

Figure  9  shows  a  numerical  example,  where  the  track  radius  is 
0. 124pm,  the  electron-hole  pair  density  is  1 .2x  10 19  lew?  (which 
corresponds  to  the  track  previously  described)  and  the  collection 
depth  is  1pm.  In  this  figure,  the  origin  of  the  x-axis  corresponds 
to  the  point  where  the  ion  enters  the  silicon.  Results  ate  shown 
for  normal  incidence  and  also  for  an  incidentangleof  30".  As  can 
be  seen  in  Figure  9,  when  the  incident  angle  is  far  from  normal, 
the  number  of  holes  found  in  a  given  area  is  significanfly  lower 
than  in  the  case  of  normal  incidence.  For  high  incident  angles,  the 
holes  spread  out  over  a  wider  area,  so  the  number  of  holes  per  unit 
area  is  lower.  This  results  in  a  lower  electric  field  than  fw  normal 
incidence,  since  the  field  due  to  the  substrate  response  is  propor¬ 
tional  to  the  areal  density  of  holes.  These  results  were  obtained 
for  a  case  in  which  d  sin  0  >  2r,  reducing  the  sensitivity  to  SEGR 
compared  to  normal  incidence.  However,  it  should  be  noted  that 
this  model  only  provides  a  possible  explanation  for  the  experi- 
mentaUy  observed  trends.  One  cannot  state  a  priori  that  the 
condition  d  sin  9  >  2r  will  be  satisfied. 
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APPENDIX:  MODELS  USED  IN  THE  SIMULATIONS 


TV.  CONCLUSION 

Results  frtMn  numerical  simuladons  have  shown,  in  accordance 
with  experimental  work,  that  an  increase  of  temperature  induces 
a  higher  oxide  electric  field  which  favors  SEGR.  The  increased 
oxide  field  is  due  to  a  decrease  of  the  carrier  mobilities  when 
temperature  is  increased.  In  addition,  numerical  calculation  and 
heavy  ion  experiments  indicate  that  track  angles  far  from  normal 
incidence  lead  to  a  lower  electric  field  across  the  oxide  and,  thus, 
do  not  favor  SEGR.  In  summary,  simple  physical  arguments 
coupled  with  numerical  simulations  agree  with  the  trends  seen  in 
experimental  results  on  angular  and  temperature  dependence  of 
SEGR  and  give  a  better  understanding  of  the  physical  mecha¬ 
nisms  involved  in  SEGR. 
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Initially,  in  this  woric,  simulations  were  perftwmed  with  a  very 
limitfvi  set  of  physical  models.  For  these  simulations,  the  mt^ls 
employed  were:  Boltzmann  statistics,  field-dependent  mobility, 
concentration-dependent  mobility,  and  temperature-dependent 
mobility.  The  goal  of  these  first  simulations  was  to  obtain  a 
preliminary  undentanding  of  the  phenmnena  involved  in  SEGR. 

However,  to  take  intt)  account  additional  effects  that  can  take 
place  in  the  device,  several  other  models  were  added.  Because  of 
the  high  concentration  in  the  track  region,  Boltzmann  statistics  do 
not  apply  and  Fermi-Dirac  statistics  should  be  used.  Carrier- 
carrier  scattering,  bandgap  narrowing,  and  Auger  and  Shockley- 
Read-Hall  recranbination  were  also  added.  These  models  were 
added  one  at  a  rime  in  the  simulation.  The  addition  of  these 
models  did  not  lead  to  any  significant  change  in  the  results.  Then, 
the  impact  ionization  model,  using  the  Selberhetr  relationship 
[7],  was  implemented.  The  addition  of  this  model  changed  the 
time  «yaie  (with  a  maTimiim  of  the  oxide  electric  field  at  26ps 
instead  of  4  or  5ps)  and  sUghtiy  decreased  the  amplitude  of  the 
maximum  electric  field  in  the  oxide.  The  simulations  were  done 
with  a  WO-k  surface  layer  in  the  silicon  in  the  interface  area  with 
impact  ionization  rates  ten  times  lower  than  the  values  in  the  bulk 
silicon,  in  accordance  with  Slotbocm  etaL  [8].  All  of  the  results 
presented  in  this  paper  were  obtained  with  all  of  these  models 


turned  on. 
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III.E.  Single-Event  Gate-Rupture  in  Power  MOSFETs;  Oxide  Thickness 
Dependence  and  Computer  Simulated  Prediction  of  Breakdown  Biases 
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Abstract 

Single-Event  Gate-Rupture  (SEGR)  in  Vertical  Double  Dif¬ 
fused  Metal-Oxide  Semiconductor  (VDMOS)  power  transistors 
exposed  to  a  given  heavy  ion  LET  occurs  at  a  critical  gate  bias 
that  depends  on  the  applied  drain  bias.  A  method  of  predict¬ 
ing  the  critical  gate  bias  for  non-zero  drain  biases  is  presented. 
The  method  requires  as  input  the  critical  gate  bias  vs.  LET 
for  Vos  =  OV.  The  method  also  predicts  SEGR  sensitivity  to 
improve  for  larger  gate-oxide  thicknesses.  All  predictions  show 
agreement  with  experimental  test  data. 

I.  Introduction 

Single-Event  Gate-Rupture  can  lead  to  power  MOSFET  fail¬ 
ure  in  space.  The  SEGR  process  is  initiated  when  a  heavy  ion 
strikes  the  device  in  the  neck  region.  The  neck  region  is  the 
area  between  the  p-body  diffusions  at  the  surface  (see  Fig.  1). 
The  ion  strike  creates  a  filament  of  electron-hole  pairs.  For  an 
n-channel  power  MOSFET,  the  generated  holes  drift  toward  the 
interface  and  the  electrons  toward  the  drain  contact  due  to  the 
electric  field  resulting  from  the  positive  drain  bias.  Upon  reach¬ 
ing  the  interface,  the  holes  start  to  ‘pile  up’  at  the  interface  and 
‘leak  off’,  only  slowly,  toward  the  source  contact.  This  pool 
of  positive  charge  increases  the  electric  field  in  the  oxide,  and 
when  the  field  exceeds  a  critical  value,  oxide  breakdown  occurs. 
The  collected  holes  then  discharge  through  the  oxide,  heating 
the  structure  locally.  If  the  breakdown  current  lasts  long  enough, 
a  permanent  short-circuit  through  the  oxide  results  [1]. 

While  progress  has  been  made  in  empirically  describing 
SEGR  and  modeling  the  mechanism  [l]-[6],  its  dependence 
on  structural  parameters  has  not  been  elucidated.  In  this  work,  a 
simple  model  that  utilizes  two  dimensional  PISCES  Simulations 
to  predict  SEGR  breakdown  condition  for  a  given  heavy  ion  LET 
is  introduced.  The  predictions  were  used  to  investigate  SEGR 
dependence  on  oxide  thickness,  LET  of  the  incident  ion,  and  the 
Vgs  versus  interrelation  at  rupture. 

This  work  was  supported  by  the  Defense  Nuclear  Agency,  Naval  Surface 
Warfare  Center  -  Crane,  NASA  —  Goddard  Space  Right  Center,  Aerospatiale, 
and  Alcatel  Espace 


ion  Stride 


Fig.  1 .  One  half  of  the  cross  section  of  the  stripe  geometry  n-channel 
test  device  used  in  the  experiments.  For  simulations,  the  device  was 
approximated  in  cylindrical  geometry  to  avoid  time  consuming  3-D 
computations. 

A  “base-line”  cross  section  of  the  devices  used  in  the  2-D 
simulations  and  in  the  experiments  is  illustrated  in  Figure  I .  De¬ 
vice  details  for  the  simulated  VDMOS  transistors  were  based  on 
SUPREM4^  profiles  for  stripe  geometry  test  structures  that  were 
built  for  experimental  verification  of  oxide  thickness  depen¬ 
dence.  The  experimental  data  are  reported  fully  elsewhere  [3]. 
The  following  sections  will  further  discuss  the  SEGR  mecha¬ 
nism,  present  a  methodology  for  predicting  SEGR,  and  illustrate 
the  excellent  agreement  between  the  prediction  technique  and 
experiment. 


‘  ATLAS  11.  a  PISCES  version  from  Silvaco  International 
^ATHENA,  a  SUPREM4  version  from  Silvaco  International 
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II.  Mechanism  of  SEGR 

When  an  energetic^  ion  strikes  the  VDMOS  device  through 
the  neck  region,  it  deposits  energy  along  its  track  and  generates 
electron-hole  pairs  in  a  cylindrical  region  surrounding  the  ion 
track.  If  the  n-channel  device  is  under  positive  drain-to-source 
bias  Vds^  the  generated  carriers  start  to  separate.  The  holes  drift 
toward  the  interface  and  the  electrons  toward  the  drain  contact 
as  described  in  the  Introduction.  The  charge  separation  in  the 
silicon  substrate  and  "its  consequent  hole  accumulation  at  the 
Si/Si02-interface  is  one  of  two  contributors  to  the  transient  oxide 
field  at  the  ion  strike  location.  The  magnitude  of  this  first  oxide 
field  component  is  dependent  on  the  drain-to-source  bias  V^s  and 
is  a  substrate  charge  collection  effect.  The  second  contribution 
to  the  oxide  field  is  that  due  to  carriers  generated  in  the  gate- 
oxide  itself  [4].  The  charge  separation  in  the  oxide  is  different 
from  the  charge  separation  in  the  silicon  substrate.  The  electrons 
are  swept  out  rather  quickly  by  the  pre-existing  field  created  by 
the  applied  gate-to-source  bias  Vcs  (negative  in  our  case).  The 
holes,  on  the  other  hand,  move  slowly,  probably  by  a  complicated 
hopping  mechanism,  and  for  the  time  frame  of  interest  (<  \00ps) 
are  effectively  immobile  in  the  oxide.  These  immobile  holes 
change  the  oxide  field  locally  [4].  The  magnitude  of  this  second 
component  of  the  transient  oxide  field  at  the  ion  strike  location  is 
affected  by  the  gate-to-source  bias  Vcsy  and  is  an  oxide  charge- 
separation  effect.  It  is  not  clear  at  present,  how  pronounced  this 
contribution  will  be,  nor  its  interaction  with  the  charge  separation 
mechanism  in  the  substrate.  However,  the  principle  features  of 
SEGR  can  be  explained  using  the  substrate  response  coupled 
with  experimental  information  on  oxide  integrity  in  a  radiation 
environment  [5].  This  will  be  demonstrated  in  the  following 
sections. 

III.  Prediction  Methodology 

In  order  to  evaluate  SEGR  hardness  of  power  DMOS  transis¬ 
tors,  it  is  common  practice  to  find  the  threshold  biasing  condition 
in  a  given  radiation  environment  (LET  of  incident  ion  given). 
Operating  a  DMOS  device  below  this  threshold  biasing  condi¬ 
tions  (VoSy  ^Gs)  guarantees  safe  operation  whereas  exceeding 
this  threshold  will  result  in  gate  rupture  and,  thus,  destroy  the 
DMOS  transistor.  One  method  to  find  these  threshold  biasing 
conditions  is  an  experimental  approach  (see  [2],  [3],  [6],  [7]). 
However,  these  experiments  are  usually  rather  costly  and  time 
consuming.  In  this  paper,  we  will  show  an  alternative  method  to 
derive  these  threshold  bias  conditions  by  combining  a  fast  and 
inexpensive  prediction  algorithm  that  utilizes  2-D  simulation 
results  (PISCES  simulations)  with  measured  oxide  breakdown 
strength  Ecr  vs.  LET  data  for  Vqs  =  OV.  The  method  is  based 
upon 

^GScr  ^  ^OX  ^  i^cr  E^trmax)  (0 

where  VcScr  =  critical  gate-to-source  bias  for  SEGR,  Etmax  = 
maximum  transient  oxide  field  from  2-D  simulation  for  Vps  ¥ 
Ecr  =  experimental  input  for  Vps  =  0,  and  dox  =  oxide  thickness. 
Each  of  these  components  is  now  to  be  described  in  detail. 


^The  amount  of  enei^y  deposited  by  an  incident  ion  per  unit  of  track  length  is 
expressed  in  terms  of  its  Linear  Energy  Transfer  (LET)  in  units  of  MeVcnP-lmg 


III  A  Modeling  the  Transient  Oxide  Field  (Vps  ¥ 

SEGR  dependence  on  LET,  gate-oxide  thickness,  and  Vos 
versus  Vps  interrelation  in  VDMOS  n-channel  power  transistors 
was  investigated  through  2-D  simulations.  For  all  simulations, 
the  ion  was  assumed  to  traverse  the  device  at  normal  incidence 
through  the  center  of  the  neck  region.  In  the  simulations,  we 
used  cylindrical  geometry  and  generated  the  charge  due  to  the 
passing  energetic  ion  as  a  charge  cylinder  with  a  Gaussian  lateral 
distribution  of  characteristic  length  L  =  .07//m  and  uniform 
distribution  in  depth.  Details  of  the  simulation  of  the  ion  track 
are  given  in  the  Appendix. 

An  example  of  the  transient  oxide  field  obtained  from  2-D 
simulations  is  shown  in  Figure  2.  Input  data  supplied  by  a  user 


Fig.  2.  Transient  oxide  field  component  at  track  location  superimposed 
on  DC  component  as  a  function  of  time  after  ion  strike  for  bromine 
and  gold  as  the  incident  ions.  Typically,  the  peak  field  is  reached 
within  a  few  picoseconds.  Parameters:  LET=37.2(Bromine)  and 
82(Gold)  Vcs=- 13.9V,  Vz>5=30V,  ^/ox=50nm. 

for  the  simulation  includes  structural  dimensions  of  the  test  de¬ 
vice,  energy  and  spatial  information  of  a  traversing  ion,  and  bias 
conditions  for  the  device.  The  simulator  then  computes  vari¬ 
ous  physical  quantities  including  potential  distribution,  electric 
fields,  and  carrier  concentration  profiles.  The  result  of  practical 
interest  is  a  critical  biasing  condition  for  a  VDMOS  device  that 
leads  to  SEGR  (for  a  given  LET  value  of  the  incident  ion).  A 
difficulty  in  applying  our  2-D  simulation  results  is  that  no  ox¬ 
ide  breakdown  model  is  included  in  the  simulations.  We  now 
describe  how  we  have  dealt  with  this  problem. 

If  we  assume  the  total  charge  generated  in  the  oxide  is  small 
compared  to  the  filament  charge  in  the  silicon,  then  the  electric 
field  in  the  oxide  is  the  sum  of  a  transient  field  component  due 
to  substrate  charge  collection  effects  (related  to  Vps  [1])  plus  a 
DC  field  component  due  to  Vqs  (see  equation  (2) ). 

£(0  =  £rr(0  +  ^OC  (2) 
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The  DC  part  of  the  oxide  field  E^c  can  be  calculated  with  =  WAMVIcm  and  B  =  62. IMeVcm^f mg.  The  breakdown 
the  simulator  for  any  given  biasing  condition  when  there  is  strength  of  different  oxides  varies  somewhat  due  to  different 
no  ion  strike  (zero  charge  generation).  Epc  is  approximately  processing  steps,  and  is  a  necessary  input  for  our  prediction 
(neglecting  workfunction  differences)  algorithm.  The  solid  line  in  Figure  3  was  obtained  by  fitting 

equation  (5)  to  the  breakdown  data  for  the  devices  used  in  this 
Edc  «  \Vgs\^^ox  •  (3)  work  (£b  =  9.\MV/cm,  B  =  SS.OMeVcm^lmg).  The  symbols 


For  sufficiently  negative  Vcs  values  (in  n-channel  devices),  there 
is  no  dependence  of  Eoc  on  Vps  because  the  surface  is  inverted 
and  the  inversion  layef  places  the  Si/Si02-interface  on  the  same 
equipotential  as  the  grounded  body  contact  [4].  The  simulated 
transient  component  of  the  oxide  field,  reaches  its  peak  value 
within  a  few  picoseconds  after  the  charges  due  to  the  traversing 
ion  are  generated  (see  for  example  Figure  2).  The  transient  field 
persists  for  a  time  of  about  50ps  which  varies  somewhat  with 
LET  and  Vds^ 

One  might  expect  that  oxide  transients  of  such  short  duration 
would  not  be  as  fully  effective  as  a  DC  oxide  field  in  caus¬ 
ing  SEGR.  However,  comparison  of  2-D  simulations  at  biasing 
conditions  where  SEGR  was  detected  experimentally  with  ex¬ 
perimental  results  indicated  that  failure  occurs  when  the  tran¬ 
sient  oxide  field  exceeds  a  critical  value,  Eery  rnade  up  of  any 
combination  of  DC  and  transient  components. 

Using  equation  (5)  for  the  LET-dependence  of  Eery  and  the 
empirical  assumption  that  transient  and  DC  oxide  field  con¬ 
tribute  on  the  same  basis  to  Eery  it  is  simple  to  predict  a  critical 
gate-to-source  bias  Vcs  =  ^GSer  initiates  SEGR  for  a  given 
heavy  ion  LET  and  a  given  drain-to-source  bias  Vds  >  0- 


III.  B  DC  Input  Data  (Vds  =  0) 

For  DC  applied  fields  and  for  normal  incidence  of  the  ion, 
Wrobel  [5]  measured  the  dependence  of  Ecr  on  the  ion’s  LET 
value.  Equation  (4)  is  Wrobel’s  empirical  fit  to  experimental 
breakdown  data  on  heavy-ion  irradiated  MOS-capacitors, 


where  LET  is  in  MeVcm^lmg  and  Ecr  is  in  MV/cm.  This  fitting 
function  is  inaccurate  for  low  LET  values  where  it  predicts  that 
Ecr  is  infinite  as  the  LET  value  approaches  zero.  A  better  fit 
to  the  data  that  agrees  with  the  intrinsic  breakdown  value  of 
Ecr  -  Eq  for  LET  values  of  the  incident  ion  approaching  zero  is. 
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Fig.  3.  Inverse  breakdown  field  due  to  applied  gate-to-source  bias  Vcs 
versus  LET  of  the  incident  ion.  Symbols  show  experimental  data 
on  irradiated  devices  with  Vds  =  0  and  solid  line  was  obtained  by 
a  least  square  fit  of  expression  (5)  to  devices  with  various  oxide 
thicknesses. 

in  Figure  3  correspond  to  experimental  data  points  taken  from 
the  stripe  line  geometry  DMOS  transistors  used  in  this  work. 
This  oxide  integrity  information  needs  to  be  known  accurately 
in  order  to  make  a  prediction.  For  our  data,  Ear  varies  by  less 
than  6.4%  for  our  samples  with  dox  In  the  range  50nm  -  150nm. 
Sensitivity  to  Vps  =  0  data  increases  as  Ecr  approaches  Djmuix 
because  the  relative  error  ^  in  Vc  is 

SVq  ^  SEcr  ^  ^  ^E^irmax  ( 

Vq  E^cr  y  1  “  )  E^tmuix  y 


Ecr  =  - — -  ,  (5) 

"  l+LET/B 

where  LET  and  B  is  in  MeVem^img  and  Ecr  and  Eq  is  in  MV/cm. 
It  is  usually  very  difficult  to  measure  the  intrinsic  breakdown 
field  of  a  gate-oxide  (LET=0)  using  MOS  devices  because  the 
oxide  usually  tends  to  break  down  at  a  lower  field  strength  at  a 
defect  related  weak  spot  of  the  oxide  [8],  [9].  The  breakdown 
location  for  irradiated  oxides,  on  the  other  hand,  will  be  at  the 
strike  location  that  usually  does  not  coincide  with  a  weak  spot 
of  the  oxide.  Therefore,  to  extract  dielectric  breakdown  data  of 
the  gale-oxide  (Ecr  vs.  LET),  the  breakdown  field  for  LET  =  0 
will  not  be  measured  but  extrapolated  by  fitting  expression  (5) 
through  the  experimental  data  points  for  LET  >  0.  Applying  this 
procedure  to  Wrobel’s  [5]  experimental  breakdown  data  yields 


Because  the  transient  field  Etrmax  *s  closer  to  Ecr  for  large  Vosy 
large  drain  bias  predictions  are  more  sensitive  to  errors  SEcr  in 
measured  Ecr  and  to  errors  SEtrmax  in  modeled  EtrmaX' 

III.  C  Outline  of  Method 

Below,  an  outline  is  given  that  shows  how  to  obtain  a  predic¬ 
tion  for  the  maximum  (critical)  gate-to-source  bias  Vcs  that  can 
be  applied  to  a  VDMOS  power  transistor  for  a  given  heavy  ion 
LET  with  a  specified  drain-to-source  bias  Vps  >  0.  Exceeding 
this  critical  bias  Vcs  will  initiate  SEGR  and  cause  destruction  of 
the  device. 

1 .  Define  input  deck  for  2-D  simulator  including 
♦  device  geometry  and  dimensions. 
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•  drain-to-sourcebias,  Vos  >  0,  where  corresponding  crit¬ 
ical  gate-to-source  bias,  Vgs*  is  sought. 

•  input  parameters  for  charge  distribution  along  the  ion 
track  (apply  equations  (A7HA10)  shown  in  Appendix). 

•  arbitrary  negative  gate-to-source  bias,  Vcsy  sufficient  to 
invert  the  surface  (The  transient  portion  of  the  oxide  field 
due  to  substrate  charge  separation  computed  below  does 
not  depend  on  the  choice  of  Vcs  this  point.)  . 

2.  Run  2-D  simulation 

•  find  the  DC  field  component  Eoc  (LET=0). 

•  initiate  charge  filament  appropriate  to  the  ion  LET  along 
ion  strike  path  and  continue  with  a  transient  simulation 
to  compute  oxide  field  versus  time  at  the  strike  location. 

•  extract  the  peak  field  magnitude  Ep. 

3.  Compute  peak  magnitude  of  transient  oxide  field  compo¬ 
nent  (at  given  drain-to-source  bias  V^s) 

Efrmax  -  Ep  —  EqC  (7) 

4.  Compute  critical  oxide  field  Ecr  for  given  LET  of  incident 
ion  from  equation  (5). 

5.  Compute  critical  gate-to-source  bias,  Vgs>  (for  given  Vos 
and  LET)  with  equation  1. 


Fig.  4.  Vcs  versus  Vos  at  rupture  point  for  bromine  irradiation 
(LET=37.2  MeVcm'fmg)  with  five  different  gate-oxide  thicknesses. 
Symbols  are  from  experiments  and  solid  lines  show  prediction  re¬ 
sults. 

III.  D  Simulation  Results 

Four  different  gate  oxide  thicknesses  ranging  from  50nm  to 
I50nm  as  used  in  the  experiments  [3]  were  simulated.  For 
every  change  in  oxide  thickness,  the  structure  underneath  the 


Si/Si02-interface  was  left  unchanged  and  only  the  thickness  of 
the  gate-oxide  was  adjusted  to  the  desired  value.  The  drain 
bias  Yds  was  held  at  a  bias  of  interest  and  the  arbitrary  value 
of  the  gate-to-source  bias  Vcs  was  chosen  between  -6.5V  and 
-28.5V  (sufficiently  negative  to  invert  surface  prior  to  the  ion 
strike).  Simulations  were  performed  for  three  different  incident 
ions  (i.e,,  Nickel  (LET  =  26.6  MeVcm^/mg)y  Bromine  (LET  = 
37.2  MeVcm^lmg)y  and  Gold  (LET  =  82  MeVcm^fmg) )  and  for 
all  the  various  oxide  thicknesses  the  critical  oxide  breakdown 
strength  was  taken  from  the  data  shown  in  Figure  3. 

Table  I  shows  predicted  values  of  gate-to-source  bias  suf¬ 
ficient  for  SEGR  to  occur,  Vgs„^  several  different  drain-to- 
source  biases,  V^^,  for  an  incident  bromine  and  gold  ion. 

IV.  Comparison  of  Predictions  with  Experiments 

All  experiments  were  performed  at  the  Brookhaven  National 
Laboratories  (BNL)  tandem  Van  de  Graaff  facility  and  are  re¬ 
ported  fully  elsewhere  [3].  Figure  4  shows  the  threshold  biases 
Yds  and  Yqs  for  a  bromine  incident  ion.  The  symbols  in  Figure  4 
show  experimental  data  points  for  five  different  gate-oxide  thick- 


LET  [MeV  cm^/mg] 

Fig.  5.  Vcs  versus  LET  of  the  incident  ion  at  rupture  point  for  Vos  = 
30V  and  three  different  gate-oxide  thicknesses.  Symbols  are  from 
experiments  and  solid  lines  show  prediction  results. 

nesses  ranging  from  50nm  to  150nm.  The  solid  lines  in  Figure  4 
were  obtained  with  our  prediction  algorithm  (see  also  Table  I). 
The  predicted  threshold  biases  are  in  excellent  agreement  with 
experimental  data  for  all  oxide  thicknesses  investigated  in  this 
work.  Figure  5  shows  the  threshold  biases  Ygs  at  a  drain  bias  of 
Yds  =  30  V  as  a  function  of  LET  to  further  verify  the  usefulness 
and  potential  of  this  prediction  algorithm.  Again,  the  predic¬ 
tion  are  in  excellent  agreement  with  experiments  for  all  three 
different  gate-oxide  thicknesses. 

V  Physical  Basis  of  Trends 

With  the  aid  of  our  prediction  algorithm,  it  is  possible  to 
predict  various  dependencies  of  SEGR  in  power  VDMOS  tran- 
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TABLE  I 

Simulation  and  prediction  results  for  bromine  and  gold  irradiation. 


Bromine  (LET  =  37.2  MeVcm^lmg) 

Gold  (LET  =  82  MeVcm^lmg) 

Simulation 

Simulation 

Predic- 

Simulation 

Simulation 

Predic- 

Input 

Results 

ted 

Input 

Resuits 

ted 

Data 

* 

VcScr 

Data 

^GS„ 

^OX 

Vds 

-V'cs 

Ep 

Eoc 

-Vgs„ 

dox 

Vds 

-Vcs 

Ep 

Eoc 

-VcScr 

[nm\ 

(n 

IV] 

[MVIcm] 

[MV/cm] 

[V] 

[nm\ 

[VI 

[V] 

[MVIcm] 

[MVicm] 

[V] 

50 

0 

28.5 

5.75 

5.584 

26.83 

50 

5 

15.5 

4.1 

2.988 

50 

15 

17.5 

5.98 

3.387 

14.7 

50 

15 

23.5 

7.41 

4.585 

mgm 

50 

30 

13.9 

7.43 

2.669 

3.859 

50 

30 

13.9 

8.13 

2.669 

-8.50 

70 

0 

37.5 

5.42 

5.274 

37.71 

70 

5 

15.5 

2.95 

2.136 

20.64 

70 

15 

17.5 

4.38 

2.421 

25.02 

70 

15 

23.5 

5.35 

3.276 

11.82 

70 

30 

6.5 

4.65 

0.857 

12.18 

100 

5 

15.5 

2.01 

1.496 

31.89 

100 

0 

53.5 

5.39 

5.292 

54.35 

100 

15 

23.5 

3.79 

2.295 

22.68 

100 

15 

17.5 

3.12 

1.696 

41.09 

100 

30 

13.9 

4.22 

1.337 

9.13 

too 

30 

13.9 

4.03 

1.337 

28.4 

150 

5 

15.5 

1.39 

0.999 

50.58 

100 

35 

20 

4.93 

1.945 

25.48 

150 

15 

23.5 

2.55 

1.531 

41.16 

150 

0 

81 

5.43 

5.361 

81.96 

150 

30 

13.9 

2.85 

0.893 

27.09 

150 

15 

17.5 

2.11 

1.132 

68.32 

150 

30 

13.9 

2.76 

0.893 

54,99 

150 

50 

20 

4.19 

1.298 

39.61 

sistors.  In  this  work,  we  have  shown  this  to  be  true  in  predicting 
SEGR  threshold  values  of  Vcs  versus  Vo5»  LET  dependence, 
and  gate-oxide  thickness  dependence.  Figure  6  shows  a  circuit 
mode!  for  the  SEGR  mechanism  proposed  by  Brews  et  al.  [1]. 
All  three  dependences  of  SEGR  sensitivity  shown  in  this  work 
let,  and  dox)  can  be  physically  explained  with  the  aid  of 
this  circuit  model. 

The  magnitude  of  the  filament  current,  //r,  resulting  from  the 
hole  collection  at  the  Si/Si02-interface,  increases  with  larger 
drain-to-source  bias  ^£>5  because  the  increased  substrate  field 
will  enhance  hole  collection  at  the  Si/Si02-interface.  A  larger 
If  results  in  a  larger  voltage  drop  across  the  oxide  and  therefore 
in  an  increased  oxide  field,  thus  explaining  the  trend  shown  in 
Figure  4. 

A  similcir  argument  can  be  used  to  describe  the  LET  sensitivity 
of  SEGR  in  DMOS  transistors.  A  larger  LET  value  of  the 
incident  ion  will  yield  a  larger  density  of  charge  deposited  along 
the  ion  track  and  therefore  a  larger  filament  current  If  can  be 
anticipated.  As  a  result,  a  larger  LET  value  lowers  the  SEGR 
biases. 

Figure  7  shows  the  gate-to-source  threshold  bias  versus  gate- 
oxide  thickness  at  two  different  drain-to-source  biases.  The  cir¬ 
cuit  model  in  Figure  6  explains  the  behavior  seen  in  Figure  7  as 
follows.  The  charges  from  the  filament  current  If  that  have  col¬ 
lected  at  the  interface  leak  off  toward  the  grounded  body/source 
region  along  an  interfacial  path  that  is  modelled  as  a  distributed 
RC-Iine.  The  faster  the  positive  charges  (holes)  leak  off,  the 
smaller  the  transient  oxide  field  will  be.  The  leakage  path  time 
constant  can  be  approximated  by  r  =  /?C,  where  R  is  the  surface 
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Fig.  6.  Circuit  model  for  the  SEGR  mechanism  derived  by  Brews  et 
aL[l]. 


resistance  and  C  is  related  to  the  gate-oxide  capacitance.  In¬ 
creasing  the  gate-oxide  thickness  decreases  the  capacitance  C. 
A  smaller  capacitance  C  will  result  in  a  smaller  leakage  path  time 
constant  r,  thus  verifying  the  trend  of  an  increased  likelihood  of 
SEGR  for  thinner  gate  oxides. 

VI.  Conclusion 

A  simple  prediction  method  for  SEGR  using  a  2-D  device 
simulator  was  presented.  This  prediction  method  utilizes  oxide 
breakdown  information  (i.e.  SEGR  data  for  Vos  =  predict 
critical  rupture  biases  (Vcs,  ^ds)  for  a  given  heavy  ion  LET  on 
devices  operated  at  a  nonzero  drain-to-source  bias  (i.e.  Vqs  >  0 
for  n-channel  device).  Prediction  results  showing  critical  thresh¬ 
old  conditions  to  initiate  SEGR  in  DMOS  power  transistors  are 
in  excellent  agreement  with  experimental  data.  The  observed 
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APPENDIX 


Fig.  7.  versus  gate-oxide  thickness  dox  at  rupture  point  for 

bromine  irradiation  (LET=37.2  MeVcm^/mg)  at  two  different  drain- 
to-source  biases  Vds^  Symbols  are  from  experiments  and  solid  lines 
show  prediction  results. 

dependence  of  SEGR  on  Vqs  versus  Vpsy  gate-oxide  thickness, 
and  the  LET  value  of  the  incident  ion  confirm  the  prediction 
algorithm. 
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Equation  (A7)  shows  the  mathematical  form  of  the  charge 
distribution,  with  r  =  radial  direction,  where  r  =  0  corresponds 
to  the  center  of  the  track/neck  region.  Expressions  (A8)-(A10) 
were  used  to  calculate  the  carrier  concentration  per  unit  volume 
A^o  at  the  track  center  [10],  The  charge  distribution  of  the  track 
is  generated  uniformly  in  depth.  A  more  accurate  representation 
of  the  charge  generation  along  the  ion  track  could  be  obtained 
by  taking  the  energy  loss  of  the  ion  along  its  path  through  the 
device  into  account.  However,  extensive  2-D  simulations  have 
shown  that  only  the  charges  generated  in  approximately  the  first 
micron  from  the  Si-SiOa-interface  contribute  to  the  collected 
holes  that  raise  the  oxide  field. 

/VW=^oexp|-(^)^|  (Al) 

N' =  J^rNoe\p^-(^^y^  dr  =  NoirL^  (AS) 

^  LET[MeVcmymg]  x  2.33[gm/cm^]  ^ 

3.6[eV/pair] 

N' 

=  ^  (AlO) 

For  convergence  reasons,  the  charge  column  due  to  the  travers¬ 
ing  heavy  ion  could  not  be  deposited  instantly  at  time  t  =  0,  but 
had  to  be  ramped  up  to  its  final  value  over  a  short  time  in¬ 
terval,  to  =  l/P-  This  was  achieved  by  increasing  the  carrier 
generation  rate  constant  locally  in  the  track  region  and  run¬ 
ning  a  transient  simulation  up  to  /  =  to.  For  t  >  to,  no  further 
pair  generation  is  allowed,  and  the  electron/hole  transport  in 
the  substrate  is  modeled  using  the  simulator.  Extensive  tests 
of  different  mesh  structures  used  for  the  simulation  were  done 
in  an  attempt  to  reduce  the  number  of  grid  points  and,  thus,  to 
speed  up  the  computation  time  while  still  maintaining  accuracy. 
The  simulator  has  the  ability  to  include  various  physical  mod¬ 
els  (e.g.,  Shockley-Read-Hall  (SRH)  and  Auger  recombination, 
concentration  dependent  lifetimes,  Boltzmann  statistics  versus 
Fermi-Dirac  statistics,  concentration  dependent  mobility,  field 
dependent  mobility,  etc.).  Of  all  the  various  models,  only  the 
field  dependent  mobility  model  had  a  noticeable  effect  on  the 
simulation  results  for  the  structure  and  biasing  conditions  used 
in  this  work.  The  peak  magnitude  of  the  transient  oxide  field 
is  slightly  larger  for  the  case  where  field  dependent  mobility  is 
included  and  the  time  for  which  the  peak  oxide  field  persists  is 
much  larger  when  field  dependent  mobility  is  included.  If  the 
peak  of  the  transient  field  persists  for  a  longer  time,  it  is  more 
likely  that  the  role  of  this  transient  field  component  is  as  effective 
as  the  DC  component.  However,  the  predicted  threshold  bias 
condition  computed  with  our  prediction  algorithm  agree  within 
<  10%  (with  and  without  field  dependent  mobility  model  in¬ 
cluded).  For  this  reason,  all  the  simulation  results  reported  in 
this  paper  were  obtained  without  inclusion  of  a  field  dependent 
mobility  model. 
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in.F.  Experimental  Evidence  of  the  Temperature  and 
Angular  Dependence  in  SEGR 
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Abstract 

Heavy  ion  experiments  were  used  to  investigate  tempera¬ 
ture  and  angular  dependence  in  Single-Event  Gate  Rupture 
(SEGR).  They  clearly  show  that  a  normal  incident  angle  favors 
SEGR.  The  influence  of  elevated  temperature  on  the  SEGR 
phenomenon  is  shown  to  be  immaterial.  When  oxide  effects 
were  separated  from  substrate  effects,  the  trends  remained 
identical.  This  demonstrates  that  both  the  oxide  and  substrate 
response  play  a  major  role  in  determining  the  SEGR  sensitivity. 

1.  Introduction 

Double-diffused  metal-oxide-semiconductor  (DMOS)  power 
devices  are  capable  of  conducting  large  currents  when  turned 
on  and  withstanding  large  voltages  when  turned  off  [1]. 
Power  DMOS  transistors  are  widely  used  in  space  applica¬ 
tions.  However,  in  the  cosmic-ray  environment,  they  are 
exposed  to  energetic  heavy  ions.  The  passage  of  a  single 
heavy  ion  through  the  device  can  lead  to  significant  perma¬ 
nent  degradation  of  the  device  or  even  catastrophic  failure. 

In  power  Metal-Oxide-Semiconductor  Field  Effect  Transis¬ 
tors  (MOSFETs),  two  single  event  effects  have  been  ob¬ 
served:  Single-Event  Burnout  (SEB)  and  SEGR.  These 
phenomena  can  be  understood  in  terms  of  the  physical 
structure  of  the  device.  A  cross  section  of  a  power  DMOS 
transistor  is  shown  in  Figure  1. 

SEB  can  occur  in  n-channel  power  MOSFETs  when  a  heavy 
ion  strikes  the  device  in  the  portion  of  the  p-body  where  the 


’  Work  supported  in  part  by  Aerospatiale,  Alcatel  Espace,  the  De¬ 
fense  Nuclear  Agency,  NASA  -  Goddard  Space  Flight  Center,  and 
the  Naval  Surface  Warfare  Center  -  Crane. 


channel  is  formed,  in  the  p-body  under  the  n*  source,  or  in 
the  neck  region  within  close  proximity  to  the  p-body  [2]. 
The  passage  of  an  ion  through  those  regions  generates  a 
current  filament  that  locally  turns  on  a  parasitic  npn  bipolar 
Junction  transistor  (BJT)  inherent  to  the  power  MOSFET. 
Depending  on  how  strongly  this  BJT  is  initially  turned  on, 
the  currents  within  the  device  can  regeneratively  increase, 
through  an  avalanche  process,  until  second  breakdown  of 
the  parasitic  BJT  occurs,  leading  to  failure  of  the  device  [3]. 


Fig.  1  Power  MOSFET  structure,  showing  an  ion-strike  filament 
at  the  center  of  the  n-neck  region,  with  holes  moving  upward  and 
electrons  downward  under  the  influence  of  the  positive  drain 
voltage. 

SEGR  can  occur  when  a  heavy  ion  strikes  the  neck  region  of 
the  device  (see  Figure  1).  The  energy  deposited  by  this  ion 
creates  a  high-density  filament  of  electron-hole  pairs  in  both 
the  oxide  and  the  silicon.  When  a  positive  bias  is  applied  on 
the  drain  electrode  of  an  n-channel  power  MOSFET,  the  pairs 
created  along  the  ion  track  are  separated;  the  holes  are  driven 
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toward  the  gate  and  the  electrons  flow  toward  the  drain,  as 
shown  in  Figure  1.  The  accumulated  holes  at  the  Si-Si02 
interface  and  their  image  charge  in  the  gate  electrode  cause 
the  electric  field  in  the  oxide  to  increase.  For  large  enough 
fields,  oxide  breakdown  can  occur.  This  model  is  supported 
by  room-temperature  simulations  for  normally  incident 
ions  [4], 

While  the  temperature  and  angular  dependence  of  SEGR  have 
been  examined  through  preliminary  experiments  [5.6]  and 
simulations  [6],  the  evidence  has  been  inconclusive.  This 
paper  reports  on  detailed  experiments  designed  to  determine 
the  temperature  and  angular  dependence  of  SEGR,  and  the 
oxide  and  substrate  response  is  evaluated  for  these  effects. 

II.  Experimental  Conditions 

A.  IPN  Experiments 

Tests  performed  at  the  IPN  (Institut  de  Physique  Nucleaire) 
component  dedicated  testing  line,  set  up  by  the  CNES  (Cen¬ 
tre  National  d’Etudes  Spatiales),  in  Orsay,  France,  had  a  triple 
objective.  Angular  dependence  in  SEGR,  temperature  de¬ 
pendence  in  SEGR,  and  oxide  effects  on  angular  and  tem¬ 
perature  dependencies  in  SEGR  were  investigated. 

Six  different  commercial  n-channel  power  MOSFETs  were 
tested.  They  were  IRF440s  from  three  different  manufac¬ 
turers  (Motorola:  lots  9316  and  9307;  International  Recti¬ 
fier:  lot  9350;  and  Harris:  lot  9404)  and  IRF  140s  from  the 
same  three  manufacturers  (Motorola:  lot  9336;  International 
Rectifier:  lot  9339;  and  Harris:  lot  9351),  mounted  in  T03 
packages.  The  breakdown  voltage  of  the  IRF440s  was  be¬ 
tween  550  V  and  659  V  (Harris:  550  V  and  562  V; 
IR:  562  V  and  579  V;  Motorola:  560  V  and  659  V);  the 
breakdown  voltage  of  the  IRF  140s  was  between  115  V  and 
133  V  (Harris:  1 19  V  and  133  V;  IR:  120  V  and  122  V; 
Motorola:  115  V  and  120  V). 

For  each  power  MOSFET  tested,  SEGR  was  first  examined 
for  normal  incidence  at  room  temperature.  Then,  high  inci¬ 
dent  angle  tests  (still  at  room  temperature)  and  high  tem¬ 
perature  tests  (normal  incidence,  temperature  of  about 
1 10  °C)  were  done.  To  study  the  role  of  the  transient  oxide 
response  in  SEGR,  the  drain  bias  V[)s  was  set  to  0  V,  in  order 
to  prevent  any  contribution  due  to  the  DC  bias  of  the  sub¬ 
strate.  High  incident  angle  and  high  temperature  investiga¬ 
tions  were  done  under  Vos  =  0  V  conditions. 

The  tandem  Van  de  Graaff  accelerator  has  the  capability  of 
providing  many  medium  energy  ions.  The  ions  chosen  for 
the  experiments  were  Nickel  (Energy:  182  MeV;  Range: 
30  urn  (Si);  LET  (Linear  Transfer  Energy):  27.2  MeV-cm-/ 
mg)  and  Bromine  (Energy:  196  MeV;  Range:  31  jam  (Si); 
LET:  36  MeV-cm-/mg).  During  irradiation,  the  beam  flux 


(typically,  500  to  2000  ions/cm-/s)  was  indirectly  measured 
by  a  detector  located  in  the  scattering  chamber,  in  line  with 
the  beam.  A  diode  placed  in  the  vacuum  chamber  allowed 
the  control  of  the  homogeneity  and  energy  calibration  ot  the 
beam  [7]. 

The  setup  used  to  monitor  these  experiments  was  STAM 
(Analogic  Modular  Test  System)-MOS,  provided  by  the 
CNES.  This  system  allows  experimenters  to  monitor  and  to 
control  the  device’s  temperature,  gate  and  drain  biases,  and 
currents.  Test  values  and  maximum  allowed  values  for  these 
parameters  were  programmed.  Every  2  ms,  the  values  ot  the 
test  parameters  were  compared  to  these  limits.  The  power 
supplies  were  shut  down  as  soon  as  a  threshold  was  reached. 
The  variations  of  the  tests  parameters  were  saved  every  10 
ms  or  less  often,  together  with  the  ion  fluence  and  the  testing 
time.  No  parameter  was  recorded  when  no  change  was  de¬ 
tected.  The  status  of  the  test  parameters  was  graphically 
displayed  on  the  screen  of  a  portable  PC. 

The  value  of  a  limiting  resistor  in  series  with  the  drain  was 
chosen  to  be  100  kQ  to  prevent  destruction  of  devices  due  to 
SEB.  During  a  test,  current  spikes  in  the  drain  lead  (SEB 
events)  were  counted.  There  is  no  need  for  counting  current 
spikes  in  the  gate  lead  since  an  SEGR  event  cannot  be  inter¬ 
rupted,  is  catastrophic,  and  leads  to  permanent  failure  of  the 
device.  An  event  was  counted  on  the  drain  each  time  the 
drain  voltage  decreased  by  50  V.  An  SEGR  event  was  de¬ 
fined  to  have  occurred  when  the  gate  current  was  in  excess 
of  2  |lA  and  did  not  return  to  the  range  of  several  nA.  when 
the  test  resumed. 

The  SEB  or  SEGR  events  could  also  be  seen  and  saved  on  a 
digital  oscilloscope  (Tektronix  TDS540). 

The  DUTs  (Devices  Under  Test)  were  fixed  on  aluminum 
sockets  which  were  thermally  isolated  from  the  circuit  on 
the  board  and  monitored  in  temperature.  A  resistive  heater 
was  used  to  increase  the  temperature  of  the  devices.  The 
heating  power  was  50  W  per  device.  The  highest  tempera¬ 
ture  used  in  these  tests  was  1 16  °C. 

The  device  to  irradiate  was  selected  with  the  positioning  sys¬ 
tem  TILT  (Tests  Ions  Lourds  Tandem).  Four  power 
MOSFETs  could  be  put  on  the  same  board  and  tested  one  at 
a  time.  Once  in  the  vacuum  chamber,  the  board  could  be 
rotated,  to  get  a  beam  incident  angle  different  from  normal. 
TILT  also  allows  one  to  monitor  the  opening  and  closing  of 
the  shutter. 

The  test  strategy  was  first  to  perform  an  initial  experiment 
on  a  given  device.  For  this  initial  test,  the  temperature  was 
set  at  room  temperature  and  the  heavy  ion  had  a  normal  inci¬ 
dence.  The  gate  bias  Vqs  first  set  at  -15  V.  The  drain 
bias  Vds  was  increased  in  steps  of  25  V  for  the  IRF440s  and 
in  steps  of  lOV  for  the  IRF  140s.  If  SEB  events  were  detect.  ; 


64 


before  SEGR  occurred,  Vcs  was  incremented  by  -5  V  and 
the  test  started  again  on  the  same  device  with  this  new  value 
for  the  gale  bias. 

This  test  provided  an  initial  starting  value  of  Vqs  and  Vos 
for  SEGR  failure  of  the  device.  Then,  a  new  device  was 
selected  and  the  test  was  performed  at  the  obtained  when 
SEGR  was  observed  in  the  initial  test,  with  a  smaller  Vos 
increment  (5  V  for  the  IRF440s  and  2  V  for  the  IRF140s). 
Vos  was  increased  after  a  fluence  of  50,000  particles/cm~ 
was  reached  without  failure. 

B.  Brookhaven  Experiments 

Additional  temperature  SEGR  testing  was  conducted  at  BNL 
(Brookhaven  National  Laboratory),  Long  Island,  NY,  USA. 
The  test  objective  was  to  determine  whether  temperature 
variation  has  no  impact  on  the  SEGR  threshold,  or  whether 
the  effect  of  temperature  on  SEGR  actually  exists,  but  is  ex¬ 
tremely  weak,  and,  thus,  should  be  neglected. 

The  parts  tested  were  experimental  n-channel  power 
MOSFETs,  with  a  stripe  geometry,  provided  by  Harris  Semi¬ 
conductor,  mounted  in  T03  packages.  Since  these  devices 
are  from  the  same  wafer,  the  dispersion  in  the  experimental 
results  is  very  low.  The  gate  oxide  is  50  nm  thick.  The  drain 
breakdown  voltage  is  73  V.  The  devices  were  electrically 
screened.  They  were  tested  for  gate  integrity,  and  for  thresh¬ 
old  voltage,  VrH‘  Wheatley  et  al.  described  these  parts  in 
detail  [8]. 

For  each  of  the  tested  devices,  Vos  was  fixed  and  Vcs  was 
varied  until  SEGR  occurred.  Three  devices  were  tested  at 
room  temperature  (25  °C),  with  Vos  =  5  V,  as  well  as  with 
Vos  =  20  V.  Likewise,  three  devices  were  tested  at  high 
temperature  (90  to  92  °C),  with  Vos  =  5  V,  as  well  as  with 
Vos=20V. 

The  tandem  Van  de  Graaff  accelerator  of  the  SEU  Test  Facil¬ 
ity  at  BNL  provides  various  monoenergetic  ions.  The  ion 
chosen  for  this  test  was  Iodine  (Energy:  3 1 1 .7  MeV;  Range: 
30.4  jam  (Si);  LET:  59.7  MeV-cm^/mg).  During  irradiation, 
the  ion  beam  flux  (typically  10  ions/cm^/s),  its  fluence.  the 
beam  homogeneity,  the  opening  and  the  closing  of  the  shut¬ 
ter,  the  x-y-z  position  of  the  sample,  and  the  vacuum  system 
were  controlled  by  an  automated  computer  system. 

The  test  system  used  to  monitor  these  experiments  has  been 
previously  described  [8,9].  Drain  and  gate  voltages,  and  cur¬ 
rents  were  checked  every  10  ms,  as  well  as  the  device  tem¬ 
perature.  Currents  as  low  as  1  nA  could  be  measured.  An 
SEGR  event  was  recorded  when  the  gale  current  exceeded 
10  A.  The  status  of  the  test  parameters  was  displayed  on 
the  screen  of  a  portable  PC. 


The  temperature  test  board  was  built  to  hold  9  devices.  The 
DUTs  were  fixed  on  zero-insertion-force  sockets.  A  resis¬ 
tive  heater  was  used  to  increase  the  temperature  of  the  DUTs. 
The  heating  power  was  10  W  per  device.  The  highest  tem¬ 
perature  used  in  these  tests  was  95  °C.  The  drain  and  gate 
electrodes  of  each  DUT  were  electrically  isolated  from  the 
other  8  test  samples  using  a  rotary  switch. 

The  test  methodology  was  to  determine  the  Vqs  threshold 
for  SEGR  of  three  devices  at  room  temperature,  for 
Vos  =  5  V,  and  also  for  Vos  =  20  V.  This  process  was  re¬ 
peated  at  high  temperature,  for  Vos  =  5  V  and  Vos  =  20  V. 
An  estimate  of  Vcs  for  SEGR  at  room  temperature,  with  these 
drain  biases,  was  obtained  from  previous  work  [8].  The  drain 
bias  was  set  at  5  V  or  20  V,  and  the  magnitude  of  the  gate 
bias  was  set  2  to  3  V  below  the  expected  failure  value.  The 
magnitude  of  the  gate  bias  was  then  increased,  in  0.25  V 
steps,  until  SEGR  occurred.  This  is  the  smallest  voltage  step 
ever  reported  in  SEGR  experiments.  Vcs  was  incremented 
after  a  fluence  of  70,000  particles/cm-  was  reached. 

III.  Experimental  Results 
A.  Angular  Dependence 

Figure  2  and  3  include  the  results  of  heavy  ion  experiments  in 
the  case  of  normal  incidence  (0°),  and  in  the  case  of  an  inci¬ 
dent  angle  different  from  normal  (15°,  25°,  or  48°)  for  the 
IRF440s  and  IRF140s,  respectively.  It  should  be  noted  that 
the  starting  incident  angle  was  48°  in  any  case.  When  no 
SEGR  failure  occurred  for  this  value,  the  incident  angle  was 
lowered  to  25°,  and  to  15°.  The  incident  ion  was  Bromine.  It 
can  be  seen  that,  for  every  device,  the  sensitivity  to  SEGR  is 
reduced  when  the  ion  incident  angle  is  different  from  normal. 
SEGR  was  observed  for  higher  values  of  Vos  when  the  inci¬ 
dent  angle  was  different  from  normal.  For  some  parts.  SEGR 
was  not  observed  at  all  for  high  values  of  Vos  {Vos  -  ^ 

for  the  IRF440s;  Vos  ^  80  V  for  the  IRF140s)  when  the  inci¬ 
dent  angle  was  far  from  normal  (0  >  25°).  This  case  refers  to 
the  absence  of  any  event,  or  the  onset  of  an  SEB  event  at  a 
value  of  Vos  higher  than  the  value  of  Vos  for  SEGR  failure  in 
normal  conditions.  However,  lowering  the  incident  angle 
below  its  initial  value  (typically  48°)  lead  to  an  SEGR  failure  of 
some  devices. 

These  data  experimentally  show  that  the  likelihood  for  SEGR 
increases  when  the  ion  incident  angle  is  made  closer  to  nor¬ 
mal.  This  result  is  in  good  agreement  with  experimental 
results  previously  reported  [5,6].  As  shown  earlier,  this  trend 
is  due  to  a  distribution  of  the  carriers  over  a  wider  area  at  the 
Si-Si02  interface  when  the  incident  angle  approaches  nor¬ 
mal  [6], 

These  data  are  the  most  thorough  experimental  treatment  of 
angular  dependence  that  has  been  published.  To  our  knowl- 
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Vj^5(SEGR)  (V) 


Fig.  2  Experimental  drain  voltage  for  SEGR  failures  for  the  IRF440s  from  Motorola,  International  RectiHer,  and  Harris.  The  bar 
symbols  represent  the  minimum  and  maximum  value  of  Vos  for  which  SEGR  occurred.  The  filled  circle  symbols  represent  the  average 
value  of  Vos  for  which  SEGR  occurred.  The  ions  used  were  Bromine  and  Nickel.  Three  different  cases  are  represented  in  this  figure: 
normal  incidence  at  room  temperature,  incident  angle  different  from  normal  at  room  temperature,  and  normal  incidence  at  high  temperature. 
The  gate  voltage  used  for  each  pan  type  is  also  indicated. 


edge,  no  experimental  SEGR  failure  previously  has  been  re¬ 
ported  at  incident  angles  different  from  normal.  Other  data 
available  only  mention  no  failure,  or  SEB  failure,  at  incident 
angles  different  from  normal.  In  this  work,  we  have  shown 
that  SEGR  can  occur  at  nonzero  incident  angles,  and  that  the 
Vos  for  failure  in  this  case  is  higher  than  in  the  normal  inci¬ 
dence  case.  This  trend  is  true  for  100  V  devices  and  for  500 
V  devices,  from  three  different  manufacturers. 

B.  Temperature  Dependence 

Figure  2  and  3  include  the  results  of  heavy  ion  experiments 
at  room  temperature  (about  25  ®C),  and  elevated  temperature 
(about  1 10  ®C)  for  the  IRF440s  and  the  IRF140s  respectively. 
The  incident  ions  were  Bromine  and  Nickel.  Most  of  the 


parts  tested  show  a  large  amount  of  dispersion  in  their  ex¬ 
perimental  temperature  dependence. 

For  most  of  the  parts,  no  general  rule  can  be  derived:  as  can 
be  seen  in  Figures  2  and  3,  the  room  temperature  and  the  high 
temperature  Vos  ranges  are  overlapping. 

The  reason  that  no  clear  experimental  trend  could  be  ob¬ 
tained  may  be  due  to  the  destructive  nature  of  SEGR  testing. 
For  this  reason,  it  is  not  possible  to  determine  the  bias  de¬ 
pendence  of  SEGR  in  a  single  device.  In  addition,  there  might 
be  a  dispersion  between  parts  from  different  diffusion  lots. 
The  absence  of  any  clear  trend  could  thus  be  due  to  a  small 
magnitude  of  the  temperature  effect,  compared  to  the  part- 
to-part  variability.  In  conclusion,  no  statistically  significant 
temperature  dependence  was  observed  in  this  test. 
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Fig.  3  Experimental  drain  voltage  for  SEGR  failures  for  the  IRE  140s  from  Motorola,  International  Rectifier,  and  Harris.  The  bar 
symbols  represent  the  minimum  and  maximum  value  of  Vps  foi*  which  SEGR  occurred.  The  filled  circle  symbols  represent  the  average 
value  of  Vos  lor  which  SEGR  occurred.  The  ion  used  was  Bromine.  Three  different  cases  are  represented  in  this  figure:  normal 
incidence  at  room  temperature,  incident  angle  different  from  normal  at  room  temperature,  and  normal  incidence  at  high  temperature.  The 
gate  voltage  used  for  each  part  type  is  also  indicated. 


For  this  reason,  additional  tests  were  performed  at  BNL,  on 
parts  coming  from  the  same  wafer.  The  first  results  obtained 
with  this  part  type  showed  little  variability.  In  addition,  the 
voltage  step  used  was  very  small,  to  allow  detection  of  even 
minor  temperature  effects  on  SEGR. 

The  results  of  these  tests  are  presented  in  Table  I  and  in  Fig¬ 
ure  4.  As  can  be  seen  in  Table  I,  the  results  show  very  little 
dispersion.  These  measurements  point  out  the  existence  of 
a  small  temperature  effect  on  SEGR.  For  this  particular  device, 
a  higher  temperature  would  be  a  slightly  better  case.  When 
Vps  is  fixed,  the  magnitude  of  the  gate  bias  required  to  in¬ 
duce  SEGR  at  90  °C  is  a  quarter  volt  larger  than  at  room 
temperature. 


The  influence  of  temperature  on  the  oxide  electric  field  of  the 
devices  tested  has  been  simulated,  using  ATLAS  II,  the  2D 
SILVACO  version  of  PISCES  [10].  The  mobility  model  used 
included  field-dependent  mobility,  concentration-dependent 
mobility,  and  temperature-dependent  mobility.  Simulations 
were  run  at  three  different  temperatures:  300K,  400  K,  and 
500K.  Figure  5  shows  the  maximum  electric  field  in  the  oxide 
as  a  function  of  time.  The  maximum  oxide  electric  field  is 
slightly  lower  at  higher  temperature,  in  excellent  agreement 
with  the  experimental  results.  This  supports  the  existence  of 
a  minor  temperature  effect. 

As  stated,  the  temperature  effect  on  SEGR  is  a  second  order 
effect.  The  very  small  voltage  step  used  here  demonstrates 
clearly  how  small  this  effect  is.  Numerical  simulations  are  in 
agreement  with  this  result. 
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Table  I 

Experimental  Vqs  for  SEGR  at  room  temperature,  and  at  high  tem¬ 
perature  (90  to  92  °C).  Vds  was  fixed,  and  taken  equal  to  5  V  and 
to  20  V.  These  results  show  that,  for  the  device  tested,  Vcs  for 
SEGR  at  high  temperature  is  a  quarter  volt  higher  than  at  room 
temperature. 


Device  # 

Temperature  (°C) 

VdsW 

Vqs  (SEGR)(V) 

1 

25 

5 

-18.875 

2 

25 

5 

-18.875 

3 

25 

5 

-18.875 

4 

25 

20 

-6.375 

5 

25 

20 

-6.375 

6 

25 

20 

-6.125 

7 

91 

5 

-19.125 

8 

91 

5 

-19.125 

9 

92 

5 

-18.125 

10 

91 

5 

-19.125 

11 

91 

20 

-7.125 

12 

92 

20 

-6.625 

13  i  90 

20 

-6.625 

Fig.  4  Plot  of  Vcs  versus  VdS^  showing  the  experimental  points 
where  SEGR  occurred,  at  room  temperature  and  at  high  tempera¬ 
ture.  The  value  taken  for  Vqs  ts  the  median  value. 

C.  Oxide  Effects 

The  aim  of  this  test  set  was  to  show  a  possible  contribution 
of  the  oxide  response  to  SEGR  at  high  temperature  or  when 


Time  (ps) 


Fig.  5  Maximum  simulated  transverse  electric  field  in  the  oxide, 
as  a  function  of  time,  for  different  temperatures.  The  drain  voltage 
was  30  V;  the  gate  voltage  was  - 1 3.9  V.  The  incident  ion  was  Nickel. 
The  maximum  electric  field  in  the  oxide  is  slightly  lower  at  higher 
temperatures. 


the  beam  incident  angle  is  different  from  normal.  The  parts 
tested  were  IRF440s  from  Motorola  (lot  9307)  and  from 
Harris  (lot  9404).  The  incident  ion  was  Bromine.  To 
decouple  the  effects  of  the  oxide  field  from  the  substrate 
response,  the  drain  bias  Vqs  was  set  to  0  V.  This  prevented 
any  contribution  from  the  transient  substrate  response.  The 
(negative)  gate  bias  was  decreased,  in  2  V  steps,  until  SEGR 
failure  occurred  in  the  device. 


The  results  of  these  tests  are  shown  in  Figure  6.  The  SEGR 
failure  level  occurred  at  about  the  same  gate  bias  at  room 
temperature  and  at  high  temperature,  in  the  case  of  normal 
incidence.  When  the  incident  angle  was  different  from  nor¬ 
mal,  SEGR  took  place  at  a  higher  magnitude  of  the  gate  bias 
than  in  normal  incidence  conditions.  These  heavy  ion  re¬ 
sults,  with  and  without  a  substrate  contribution  to  the  re¬ 
sponse,  exhibit  the  same  trend  for  the  angular  dependence  of 
SEGR.  As  for  the  temperature  effect  on  SEGR,  no  trend 
could  be  seen.  This  suggests  that  the  influence  of  the  ion 
incident  angle  on  SEGR  is  determined  (at  least  in  part)  by 
the  oxide  response. 

Allenspach  et  al.[  1 1  ]  derived  a  relationship  between  the  critical 
oxide  electric  field  for  SEGR  and  the  LET.  This  relationship 
can  be  written  in  terms  of  the  critical  gate  voltage  tor  SEGR, 


Vcr(V)  =E  (V/cm) X /^,,,:(nm)/(l  +  LET/53) 
0 


whereE  =10  V/cm. 
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Fig.  6  Experimental  gate  voltage  for  SEGR  failures  when  the  drain  voltage  is  set  to  0  V,  for  the  IRF440s  from  Motorola  and  Harris.  The 
bar  symbols  represent  the  minimum  and  maximum  value  of  !Kg5  I  which  SEGR  occurred.  The  filled  circle  symbols  represent  the 
average  value  of  1V^G5  I  for  which  SEGR  occurred.  The  ion  used  was  Bromine.  Three  different  cases  are  represented  in  this  figure: 
normal  incidence  at  room  temperature,  incident  angle  different  from  normal  at  room  temperature,  and  normal  incidence  at  high  temperature. 
For  the  Harris  part,  no  failure  occurred  when  the  incident  angle  was  48°. 


With  Bromine,  if  we  assume  the  oxide  thickness  of  commer¬ 
cial  power  MOSFETs  to  be  in  the  order  of  100  nm.  the  value 
obtained  for  Vcr  is  60  V.  This  is  comparable  to  the  data  we  are 
reporting. 

Additional  tests  were  performed  to  check  whether  the  fail¬ 
ures  earlier  mentioned  were  actually  SEGR  events  and  not 
dielectric  breakdowns  due  to  the  gate  bias.  Gate  oxide  break¬ 
down  experiments  were  done,  with  the  STAM-MOS  test  sys¬ 
tem.  The  magnitude  of  the  gate  bias  was  increased  in  2  V 
steps,  with  a  0  V  drain  bias  and  in  the  absence  of  irradiation. 
The  gate  bias  for  oxide  breakdown  was  between  -92  V  and 
-96  V.  It  is  larger  than  the  -50  to  -66  V  required  on  the  gate 
to  get  a  rupture  when  the  device  was  irradiated.  This  con¬ 
firms  the  SEGR  nature  of  the  failures  that  occurred  with  ir¬ 
radiation. 

IV.  Conclusion 

Heavy  ion  experiments  indicate  clearly  that  track  angles  far 
from  normal  incidence  do  not  favor  SEGR.  In  addition,  a 
weak  trend  for  the  influence  of  temperature  on  SEGR  seems 
to  exist:  for  the  device  tested  at  BNL,  a  high  temperature  (90 
to  95  °C)  would  be  a  slightly  better  case  in  terms  of  preventing 
SEGR.  However,  this  effect  is  a  second  order  one.  Zero- 
drain-bias  experiments  gave  the  same  trends  as  those 


observed  for  nonzero  Vps^  indicating  that  both  the  oxide  and 
substrate  response  play  a  major  role  in  determining  the  SEGR 
sensitivity. 
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rV.  Investigating  Total-Dose  Effects  in  Power  MOSFETs 
IV.A.  Introduction 


Ionizing  radiation  results  in  charge  generation  in  the  oxide  regions  of  electronic  devices.  As  part 
of  this  task,  several  total-dose  effects  in  power  MOSFETs  resulting  from  ionizing  radiation  are 
investigated.  One  topic  that  is  investigated  extensively  in  this  task  was  mobility  degradation  due 
to  ionizing  radiation.  Charge  separation  techniques  are  used  to  show  that  both  interface  states 
and  oxide  trapped  charge  contribute  to  mobility  degradation.  It  is  shown  that  mobility 
degradation  is  more  pronounced  at  77  K  than  at  room  temperature. 

In  addition  to  mobility  degradation,  increases  in  the  subthreshold  leakage  current  and  1// noise, 
and  the  integrity  of  the  termination  structure  following  total-dose  ionizing  radiation  were 
investigated.  Furthermore,  the  consequences  of  extrapolating  higher  dose-rate,  total-dose 
response,  to  typical  space  environment  dose-rate  response  of  power  MOSFETs  is  investigated. 
The  effects  of  cryogenic  operation  during  irradiation  in  power  MOSFETs  were  also  investigated. 

The  papers  describing  this  work  are  included  in  Sections  IV.B  through  IV.N.  A  brief  overview  of 
each  paper  is  included  here  to  guide  the  reader  through  this  material. 

Section  IV.B.:  D.  Zupac,  K.F.  Galloway,  R.D.  Schrimpf,  and  P.  Augier,  “Effects  of  Radiation - 
Induced  Oxide-Trapped  Charge  on  Inversion-Layer  Hole  Mobility  at  300  and  77  K,”  Appl.  Phys. 
Lett.,  vol.  60,  pp.  3156-3158,  1992. 

This  paper  presents  the  effects  of  radiation-induced  interface-trapped  charge  and  oxide-trapped  charge 
on  the  inversion-layer  hole  mobility  in  p-channel  power  MOSFETs  operated  at  temperatures  of  300  K 
and  77  K.  The  mobility  degradation  is  more  pronounced  at  77  K  than  at  300  K  due  to  an  increased 
importance  of  Coulomb  scattering  from  trapped  charge  when  phonon  scattering  is  significantly 
reduced. 


Section  IV. C.:  D.  Zupac,  K.F.  Galloway,  P.  Khosropour,  S.R.  Anderson,  R.D.  Schrimpf,  and  P. 
Calvel,  “Separation  of  Effects  of  Oxide-Trapped  Charge  and  Interface-Trapped  Charge  on 
Mobility  in  Irradiated  Power  MOSFETs,”  IEEE  Trans.  Nucl.  ScL,  vol.  40,  pp.  1307-1315,  1993. 

An  effective  approach  to  separating  the  effects  of  oxide-trapped  charge  and  interface-trapped  charge  on 
mobility  degradation  in  irradiated  power  MOSFETs  is  demonstrated  in  this  paper.  A  significant 
contribution  of  oxide-trapped  charge  to  mobility  degradation  is  demonstrated  and  quantified. 

Section  IV.D.:  P.  Khosropour,  K.F.  Galloway,  D.  Zupac,  R.D.  Schrimpf,  and  P.  Calvel, 
“Application  of  Test  Method  1019.4  to  Non-Hardened  Power  MOSFETs,”  IEEE  Trans.  Nucl. 
Sci. ,  vol.  4 1 ,  pp.  555-560,  1994. 

This  paper  presents  the  applicability  of  MIL-STD-883D  Method  1019.4  to  predicting  the  low-dose-rate 
radiation  response  of  non-hardened  power  MOSFETs.  It  is  shown  that  Method  1019.4  works  well  in 
providing  bounds  for  the  threshold-voltage  shift.  A  modified  method  is  proposed  which  can  yield 
more  information  on  the  threshold-voltage  shift  at  low  dose  rates  for  power  MOSFETs. 
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Section  IV.E.:  D.  Zupac,  K.F.  Galloway,  R.D.  Schrimpf,  and  P.  Augier,  “Radiation-Induced 
Mobility  Degradation  in  p-Channel  Double-Diffused  Metal-Oxide-Semiconductor  Power 
Transistors  at  300  K  and  77  K,”  J.  Appl  Phys.,  vol.  73,  pp.  2910-2915,  1993. 

This  paper  presents  the  effects  of  radiation-induced  interface-trapped  charge  and  oxide-trapped  charge 
on  the  inversion-layer  hole  mobility  in  p-channel  power  MOSFETs  operated  at  temperatures  of  300  K 
and  77  K.  The  mobility  degradation  is  more  pronounced  at  77  K  than  at  300  K  due  to  an  increased 
importance  of  Coulomb  scattering  from  trapped  charge  when  phonon  scattering  is  significantly 
reduced. 

Section  IV.F.:  D.  Zupac,  S.R.  Anderson,  R.D.  Schrimpf,  and  K.F.  Galloway,  “Determining  the 
Drain  Doping  in  DMOS  Transistors  Using  the  Hump  in  the  Leakage  Current,”  IEEE  Trans. 
Electron  Devices,  vol.  41,  pp.  2326-2336,  1994. 

The  hump  in  the  leakage  current  of  DMOS  power  transistors  observed  for  low  drain  biases  is  discussed 
in  this  paper.  The  hump  is  shown  to  be  due  to  surface  generation  current  of  the  gate-controlled  diode 
formed  by  the  base-drain  p-n  junction.  The  body  effect  is  used  to  develop  a  new  method  for 
determining  the  drain  doping  in  DMOS  transistors. 

Section  IV.G.:  S.L.  Rosier,  A.  Wei,  M.A.  Shibib,  R.D.  Schrimpf,  J.C.  Desko,  and  K.F. 
Galloway,  “Comparison  of  Termination  Methods  for  Low-Voltage,  Vertical  Integrated  Power 
Devices,”  Solid-State  Electronics,  vol.  37,  pp.  1611-1617,  1994. 

The  design  issues  associated  with  termination  structures  for  low-voltage,  vertical,  integrated  power 
devices  are  described  and  contrasted  with  common  design  guidelines  for  high-voltage  devices.  A 
comparison  of  single  field  plate,  two-level  field  plate,  field  ring,  and  field  plate/field  ring  methods  is 
presented.  It  is  shown  that  the  field  plate/field  ring  method  is  superior  to  the  other  methods  unless 
extremely  low  area  consumption  is  required. 

Section  IV.H.:  P.  Khosropour,  D.M.  Fleetwood,  K.F.  Galloway,  R.D.  Schrimpf,  and  P.  Calvel, 
“Evaluation  of  a  Method  for  Estimating  Low-Dose-Rate  Irradiation  Response  of  MOSFETs,” 
IEEE  Trans.  Nucl.  ScL,  vol.  41,  pp.  2560-2566,  1994. 

In  this  paper,  a  simple  method  for  estimating  the  threshold-voltage  shift  due  to  low-dose-rate 
irradiation  is  shown.  Physical  considerations  used  in  the  model  are  explained  in  the  paper.  Power 
MOSFEts  from  several  different  technologies  are  compared  with  the  model. 

Section  IV.I.:  S.R.  Anderson,  D.  Zupac,  R.D.  Schrimpf,  and  K.F.  Galloway,  “The  Surface 
Generation  Hump  in  Irradiated  Power  MOSFETs,”  IEEE  Trans.  Nucl.  ScL,  vol.  41,  pp.  2443- 
2451,  1994. 

This  paper  presents  a  method  of  quantifying  near  midgap-level  interface  traps,  capture  cross  section, 
and  changes  in  oxide-trapped  charge  in  irradiated  power  MOSFETs.  A  surface  generation  hump  (that 
results  from  the  generation  of  carriers  from  traps  at  the  depleted  Si-Si02  interface)  in  the  subthreshold 
current  curve  is  used  in  the  model. 

Section  IV. J.:  S.R.  Anderson,  R.D.  Schrimpf,  K.F.  Galloway,  and  J.L.  Titus,  “Exploration  of 
Heavy  Ion  Irradiation  Effects  on  Gate  Oxide  Reliability  in  Power  MOSFETs,”  Microelectronics 
and  Reliability,  vol.  pp.  accepted  for  publication,  1995. 

This  paper  investigates  the  effects  of  heavy  ion  irradiation  on  the  gate  oxide  reliability  in  power 
MOSFETs.  Time  dependent  dielectric  breakdown  measurements  and  charge  separation  techniques  are 
used  to  show  that  heavy  ion  exposure  does  not  result  in  a  significant  reduction  in  gate  oxide  reliability. 
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Section  IV. K.:  G.H.  Johnson,  W.T.  Kemp,  R.D.  Schrimpf,  K.F.  Galloway,  M.R.  Ackermann, 
and  R.D.  Pugh,  “The  Effects  of  Ionizing  Radiation  on  Commercial  Power  MOSFETs  Operated  at 
Cryogenic  Temperatures,”  IEEE  Trans.  Nucl.  ScL,  vol.  41,  pp.  2530-2535,  1994. 

This  paper  reports  on  the  effects  of  ionizing  radiation  on  n-  and  p-channel  power  MOSFETs  while 
operating  at  cryogenic  temperatures.  The  transistors  were  exposed  to  low  energy  x-rays  while  placed 
in  a  liquid  nitrogen-cooled  dewar.  The  results  demonstrate  significant  performance  and  survivability 
advantages  for  space-borne  power  MOSFETs  operated  at  cryogenic  temperatures. 

Section  IV.L.:  P.  Augier,  J.L.  Todsen,  D.  Zupac,  R.D.  Schrimpf,  K.F.  Galloway,  and  J.A. 
Babcock,  “Comparison  of  l//Noise  in  Irradiated  Power  MOSFETs  Measured  in  the  Linear  and 
Saturation  Regions,”  IEEE  Trans.  Nucl.  ScL,  vol.  39,  pp.  2012-2017, 1992. 

This  paper  investigates  1/f  noise  in  n-channel  and  p-channel  power  MOSFETs  as  a  function  of  total 
dose  and  annealing.  All  of  the  devices  in  this  study  are  non-hardened  commercial  parts.  A  difference 
in  evolution  of  the  noise  measured  in  the  linear  and  saturation  regions  of  operation  is  reported. 

Section  IV.M.:  J.L.  Todsen,  P.  Augier,  R.D.  Schrimpf,  and  K.F.  Galloway,  “1// Noise  and 
Interface  Trap  Density  in  High  Field  Stressed  pMOS  Transistors,”  Electronics  Lett. ,  vol.  29,  pp. 
696-697,  1993. 

In  this  paper,  experimental  results  for  pMOS  transistors  subjected  to  high  field  stressing  is  reported.  It 
is  shown  that  1/f  noise  and  the  interface  trap  density  increase  with  stress  time.  A  direct  relationship 
between  the  increase  in  1/f  noise  and  interface  trap  density  during  the  high  field  stressing  is  observed. 

Section  IV.N.:  M.D.  Floor,  R.D.  Schrimpf,  and  K.F.  Galloway,  “Investigation  of  Possible 
Sources  of  1/f  Noise  in  Irradiated  n-Channel  Power  MOSFETs,”  IEEE  Trans.  Nucl.  Sci. ,  vol.  41, 
pp.  1902-1906, 1994. 

In  this  paper,  1/f  noise  in  irradiated  n-channel  power  MOSFETs  is  compared  to  interface-  anc  oxide- 
trapped  charge  densities.  The  noise  did  not  correlate  well  with  interface  traps  or  oxide  trapped  charge. 
Border  traps  are  investigated  as  a  possible  source  of  the  noise. 
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IV.B.  Effects  of  Radiation-Induced  Oxide-Trapped  Charge  on  Inversion- 

Layer  Hole  Mobility  at  300  and  77  K 
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Effects  of  radiation-induced  oxide-trapped  charge  on  inversion-layer  hole 
mobility  at  300  and  77  K 

D.  Zupac,  K.  F.  Galloway,  R.  D.  Schrimpf,  and  P.  Augiet^* 

Department  of  Electrical  and  Computer  Engineering,  University  of  Arizona,  Tucson,  Arizona  85721 
(Received  6  February  1992;  accepted  for  publication  6  April  1992) 

The  effects  of  radiation-induced  interface-trapped  charge  and  oxide-trapped  charjje  on  the 
inversior^-layer  hole  mobility  in  p-channel  double-diffused  metal-oxide-semiconductor 
transistors  at  3G0  and  77  K  are  reported.  The  mobility  degradation  is  more  pronounced  at  77 
than  at  3(X)  K,  due  to  an  increased  importance  of  Coulomb  scattering  from  trapped  charge  when 
phonon  scattering  is  significantly  reduced.  The  mobility  degradation  is  primarily  due  to 
interface-trapped  charge,  but  the  effects  of  oxide-trapped  charge  must  be  taken  into  account  in 
order  to  properly  describe  the  mobility  behavior,  particularly  at  cryogenic  temperatures. 


lonizing-radiation  exposure  of  metal-oxide- 
semiconductor  field-effect  transistors  (MOSFETs)  gives 
rise  to  a  positive  oxide-trapped  charge  buildup  in  the  sili¬ 
con  dioxide  and  an  increase  in  interface-trapped  charge 
density  at  the  silicon-silicon  dioxide  interface.  While  the 
threshold  voltage  of  MOSFETs  is  influenced  by  both 
oxide-trapped  charge  and  interface-trapped  charge,  the 
inversion-layer  mobility  is  believed  to  be  strongly  affected 
by  interface-trapped  charge  only.*"^  In  this  letter,  we  re¬ 
port  on  the  non-negligible  contribution  of  oxide-trapped 
charge  to  mobility  degradation  in  p-channel  double- 
diffused  metal-oxide-semiconductor  (DMOS)  transistors 
exposed  to  gamma  radiation. 

The  devices  used  in  this  study  were  nonhardened 
IRF9130  p-channel  power  MOSFETs  manufactured  by 
Harris  Semiconductor.  The  irradiations  were  performed  in 
a  Co-60  source.  The  dose  rate  was  15  rad  (Si) /min.  During 
both  the  radiation  exposure  and  a  subsequent  anneal,  the 
gates  of  the  transistors  were  biased  at  +9  V,  while  the 
sources  and  drains  were  grounded.  The  irradiations  and 
anneals  were  performed  at  room  temperature,  while  the 
electrical  characterization  was  performed  at  both  room 
temperature  and  77  K.  Measurements  at  the  two  temper¬ 
atures  allow  for  a  comparison  between  effects  of  a  given 
density  of  radiation-induced  defects  (oxide  charge  and  in¬ 
terface  traps)  on  inversion  layer  mobility  at  these  two  tem¬ 
peratures.  The  densities  of  radiation-induced  oxide-trapped 
charge  and  interface-trapped  charge  A7V|,  were  deter¬ 
mined  using  the  subthreshold  charge  separation  technique 
of  McWhorter  and  Winokur.^  The  slope  of  the  >/ 1  |  vs 

Vq  characteristics  is  proportional  to  for  small  (  Vq 
—  which  was  used  to  determine  the  ratio  a^/Mo*  where 
/io  is  the  preirradiation  value  of  the  hole  mobility  in  the 
channel,  l/osail  is  the  magnitude  of  the  drain  current  in 
saturation,  is  the  gate  voltage,  and  is  the  threshold 
voltage. 

The  most  commonly  used  empirical  expression  model¬ 
ing  radiation-induced  inversion-layer  mobility  degradation 
was  introduced  by  Galloway  et  ai :  * 


'*‘On  leave  from  Centre  d’Elcctronique  de  Montpellier,  USTL,  Montpcl* 
lier,  France. 


1 

where  a^^  is  the  parameter  describing  the  effect  of  interface- 
trapped  charge  on  mobility.  Equation  ( 1 )  implies  that 
interface-trapped  charge  is  the  primary  contributor  to  mo¬ 
bility  degradation,  while  the  contribution  of  oxide-trapped 
charge  is  negligible.  This  model  has  been  successfully  ap¬ 
plied  to  describe  radiation-induced  mobility  degradation  in 
both  /I-  and  ;?-channel  integrated-circuit  (low-power) 
MOSFETs,*’^  as  well  as  in  /r-channel  power  MOSFETs.^ 
In  both  cases,  the  negligible  effect  of  oxide-trapped  charge 
was  demonstrated  by  an  apparent  absence  of  correlation 
between  (^/Mo)  ^ov 

Figure  1  illustrates  the  hole  mobility  degradation  {p,/ 
Pq)  as  a  function  of  the  radiation-induced  interface- 
trapped  charge.  The  data  presented  were  obtained  by  irra¬ 
diating  two  groups  of  devices;  one  group  was  irradiated  up 
to  a  total  dose  of  26  krad(Si),  while  the  second  group  was 
irradiated  up  to  16  krad(Si).  The  radiation-induced  hole 
mobility  degradation  is  more  pronounced  at  77  K  than  at 
room  temperature.  (Note  that  both  sets  of  data  are  nor¬ 
malized  by  the  corresponding  preirradiation  values  of  mo¬ 
bility;  the  actual  mobility  is  higher  at  77  K  than  at  room 
temperature. )  The  enhanced  mobility  degradation  at  77  K 
can  be  explained  by  an  increased  relative  importance  of 
Coulomb  scattering  at  cryogenic  temperatures  when  the 
phonon  scattering  is  significantly  reduced.  Interface- 
trapped  charge  is  established  as  the  primary  contributor  to 
mobility  degradation  in  these  /7-channeI  DMOS  transistors 
based  on  the  mobility  behavior  during  anneal.  Namely,  the 
interface-trapped  charge  density  increased  and  the  mobility 
decreased  dunng  anneal.  On  the  other  hand,  the  density  of 
oxide-trapped  charge  decreased  during  this  anneal.  Thus, 
no  correlation  between  (p/po)  and  is  apparent  in 
these  data. 

The  dominant  role  of  interface-trapped  charge  in  mo¬ 
bility  degradation  suggests  that  Eq.  ( 1 )  may  be  expected  to 
adequately  describe  the  mobility  data  presented  in  Fig,  1. 
A  fitting  program  STEPIT^  was  used  to  determine  the  coef¬ 
ficient  a,t  from  Eq.  (1)  using  the  irradiation  data  (closed 
symbols)  presented  in  Fig.  1.  The  values  obtained  for  cTjc 
were  9.0X10”^^  cm“  for  room  temperature  and  15.7 
X  10“’“  cm"  for  77  K.  The  lines  shown  in  Fig.  I  represent 
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FIG.  I.  Normalized  mobility  degradation  during  irradiation  (closed  sym> 
bols)  and  anneal  (open  symbols)  in  /^-channel  power  MOSFETs  as  a 
function  of  interface-trapped  charge  density:  (a)  at  room  temperature, 
and  (b)  at  77  K.  The  curves  arc  the  plots  of  Eq.  ( 1 )  for  a„  =  9.0x  10" 
cm"  (a)  and  for  a„  =  15.7x  10" cm"  (b).  The  top  .r-axis  shows  the 
values  of  the  dimensionless  product  a„  A.V,,. 


plots  of  Eq.  ( 1 )  for  these  values  of  Gfij.  It  is  obvious  that 
Eq.  ( 1 )  does  not  adequately  describe  the  experimental 
data.  The  anneal  data  (open  symbols)  at  both  tempera¬ 
tures  clearly  cannot  be  modeled  using  the  coefficient  values 
obtained  by  fitting  Eq.  (1)  to  the  irradiation  data  only. 
Note  that  using  both  the  irradiation  and  the  anneal  data 
results  in  different  values  of  coefficients,  but  the  quality  of 
fit  does  not  improve  since  the  data  cannot  be  described  by 
a  single  hyperbola.  The  disagreement  between  the  model 
and  the  experiment  is  particularly  pronounced  for  low- 
temperature  mobility  data  [Fig.  I  (b)]. 

In  order  to  properly  model  the  mobility  data  presented 
in  Fig.  1,  effects  of  oxide-trapped  charge  must  be  taken  into 
account.  Thus,  Eq.  ( 1 )  must  be  generalized  to  include  a 
term  describing  the  contribution  of  oxide-trapped  charge 
to  radiation-induced  mobility  degradation.  The  approach 
to  modeling  mobility  when  significant  densities  of  both  ox¬ 
ide  fixed  charge  and  interface  traps  are  present  suggested  in 
a  classic  paper  by  Sun  and  Plummer*^  is  to  use  the  sum  of 
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FIG.  2.  Normalized  mobility  degradation  dunng  irradiation  (closed  sym¬ 
bols)  and  anneal  (open  symbols)  in  ;M:hanncl  power  MOSFETs  as  a 
function  of  the  linear  combination  AiV„-i-an,  A.V,,;  (a)  at  room  tem¬ 
perature.  and  (b)  at  77  K.  The  curves  are  the  plots  of  Eq.  (2)  for 
a„  =  3.9xIO"'"  cm-  and  a„,  =  0.7x  10"'^  cm"  (a),  and  for  a.,  =  3  4 
X  10"‘"  cm"  and  a,„=  1.3  X  10"'^  cm"  (b). 


these  two  densities  in  an  expression  analogous  to  Eq  (1). 
In  the  case  of  radiation-induced  oxide-trapped  charge  and 
interface-trapped  charge,  that  approach  would  imply  that 
one  and  the  same  coefficient  a  should  be  used  to  describe 
effects  of  both  and  which  counters  the  well- 
established  fact  that  the  interface-trapped  charge  plays  the 
dominant  role  in  mobility  degradation.  Thus,  we  believe 
that  a  linear  combination  of  AiV|,  and  should  be  used 
instead  of  A.Vjj,  with  the  coefficient  describing  the  effect 
of  interface-trapped  charge  larger  than  that  for  oxide- 
trapped  charge.  Such  an  expression  has  been  proposed  by 
Dimitnjev  et  aL\''^ 


Mo  1 -baitA^VjjH-aojAiVo, 

The  values  of  the  coefficients  and  can  be  found 
by  considenng  (/i/mq)  ^  ^  function  of  two  variables  A.V,t 
and  AiV^^.  Data  fitting  using  STEPIT^  yields  a„  =  3.9x  10" 
cm^  and  a3f=0,7x  10” cm“  for  the  3(X)-K  data  and  a,t 
=  3.4x  10“‘"  cm^  and  aoi=  1.3x  10”^’  cm“  for  the  77  K- 
data.  As  expected  from  the  previous  discussion,  a,j  is  larger 
than  at  both  temperatures.  In  addition,  is  larger  at 
77  K.  than  at  room  temperature.  Figure  2  displays  the 
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normalized  mobility  as  a  function  of  the  linear  combina¬ 
tion  of  AiVjj  and  Comparison  between  Figs.  1  and  2 
clearly  demonstrates  that  it  is  necessary  to  account  for  the 
effects  of  oxide-trapped  charge  in  order  to  properly  model 
the  radiation-induced  mobility  degradation  in  these  de¬ 
vices.  Note  that  the  value  for  found  in  Refs.  7  and  8  is 
negative,  indicating  that  an  increase  in  oxide-trapped 
charge  density  should  lead  to  an  increase  in  inversion-layer 
hole  mobility.  In  contrast,  the  results  presented  in  this  let¬ 
ter  clearly  demonstrate  that  oxide-trapped  charge  coninb- 
utes  to  a  decrease  in  mobility. 

Based  on  the  mobility  data  taken  on  integrated-circuit 
MOSFETs  irradiated  at  cryogenic  temperatures,  the  in¬ 
creased  contribution  of  oxide-trapped  charge  to  mobility 
degradation  at  low  temperatures  has  been  demonstrated  by 
McLean  and  Boesch’  in  /i-channel  devices,  while  Saks  et 
aL  have  shown  that  mobility  in  /7-channel  devices  is 
degraded  even  though  no  interface  traps  are  formed  at  the 
low  irradiation  temperature.  These  findings  are  in  agree¬ 
ment  with  the  results  of  this  letter,  which  are  obtained  by 
irradiating  devices  at  room  temperature,  and  characteriz¬ 
ing  mobility  degradation  at  both  room  temperature  and 
77  K. 

In  conclusion,  we  have  investigated  the  radiation- 
induced  mobility  degradation  in  /7-channel  MOSFETs  at 
room  temperature  and  77  K.  The  mobility  degradation  for 
given  densities  of  radiation-induced  defects  is  more  pro¬ 


nounced  at  77  K  than  at  room  temperature,  due  primarily 
to  an  increase  in  the  relative  importance  of  Coulomb  scat¬ 
tering  from  the  oxide-trapped  charge.  In  accordance  with 
previously  published  results,  interface  traps  play  the  dom¬ 
inant  role  in  radiation-induced  mobility  degradation.  How¬ 
ever,  we  have  demonstrated  that  the  effects  of  oxide 
charges  cannot  be  neglected  if  the  density  of  oxide-trapped 
charge  is  large,  which  is  normally  the  case  in  nonhardened 
MOSFETs.  The  effects  of  oxide-trapped  charge  are  shown 
to  be  more  important  at  77  K  than  at  room  temperature. 
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Abstract 

An  effective  approach  to  separating  the  effects  of  oxide-trapped 
charge  and  int^ace-trapp^  charge  on  mobility  degradation  in 
irradiated  MOSFETs  is  demonstrated.  It  is  based  on  analyzing 
mobility  data  sets  which  have  different  functional  relationships 
between  the radiaiion-inducedoxide-trai^)edchargeandinterface- 
trapped  charge.  Separation  of  effects  of  oxide-trapped  charge 
and  interface-trapped  charge  is  possible  only  if  these  two  trapped 
charge  components  are  not  linearly  dependent  A  significant 
contribution  of  oxide-trapped  charge  to  mobility  degradation  is 
demonstrated  and  quantified 

L  iNTRODUCnON 

Performance  of  MOS  transistors,  especially  speed  and  current 
drive,  is  critically  dependent  on  inversion-layer  carrier  mobility. 
In  ionizing-radiation  environments,  mobility  may  degrade 
sufficiently  to  cause  parainetric  failure.  Mobility  degradation  is 
caused  by  radiation-induced  Coulomb  scattering  centers: 
interface-tr^ped  charge  and  oxide-trapped  charge. 

Understanding  of  the  roles  these  charges  play  in  mobility 
degradation  is  essential  for  prediction  of  mobility  behavior  in 
ionizing-radiation  environments  different  firom  those  usually 
achievable  in  the  laboratory.  Interface-trapped  charge  and 
oxide- trapped  charge  have  different  time  dependencies  of  buildup 
and  different  anneal  properties.  As  a  result,  environments  with 
difierent  dose  rates  and  temperatures  give  rise  to  different 
relative  amounts  of  interface-trapped  charge  and  oxide-trapped 
charge.  Therefore,  it  is  necessary  to  separately  quantify  the 
effects  of  both  trapped  charge  components. 

Until  recently,  radiation-induced  mobility  degradation  at  room 
temperature  was  attributedalmost  exclusively  to  interface-trapped 
charge  [l]-[3].  Notable  exceptions  are  the  studies  by  Wilson  and 
Blue  [4],  Dimitrijev  et  al  [5],  [6],  and  McLean  and  Boesch  [7]. 
WilsonandBlue[4]  noticed  thatneither  interface-trapped  charge 

^  Work  supported  in  part  by  ALCATEL  ESPACE.  and  by  the 


alone  nor  oxide-trapped  charge  alone  could  properly  account  for 
radiation-induced  mobility  decrease.  They  suggested  that  the 
sum  of  interface-trapped  charge  and  oxide-trapped  charge  be 
used  in  mobility  modeling.  This  approach,  originally  proposed 
in  aclassic  paper  by  Sun  and  Plummer  [8],  implies  that  radiation- 
induced  interface-trapped  charge  and  oxide-trapped  charge  are 
equally  effective  in  degrading  mobility.  This  is  contrary  to  the 
findings  of  numerous  studies  [l]-[3],  [7],  [9],  [10],  which  have 
indisputably  established  the  dominant  role  of  interface-trapped 
charge.  Dimitrijev  et  oL  [5],  [6]  proposed  a  model  which 
employs  a  linear  combination,  rather  than  tiie  sum,  of  interface- 
trapped  charge  and  oxide-tr^ped  charge.  This  approach  is 
certainly  more  plausible  than  using  the  sum  of  the  two  tr^ped 
charge  components.  However,  the  validity  of  the  model  was  not 
directly  demonstrated  in  [5],  [6].  Instead,  the  mobility  model 
was  used  as  the  basis  for  a  charge  separation  technique,  which 
was  applied  to  devices  subjected  to  high-field  stress  [5],  or  to 
ionizing  radiation  [6].  Finally,  McLean  and  Boesch  [7]  showed 
that  the  effects  of  oxide-trapped  charge  are  significant  at  early 
times  (^10"^s)  following  pulsed inadiation,  while  at  late  times 
10^  s),  the  effects  of  interface-tr^iped  charge  are  dominant 

In  recent  studies  [9],  [10],  we  have  demonstrated  and  quantified 
the  non-negiigibie  contribution  of  oxide-tr£q)ped  charge  to 
mobility  degradation  in  irradiated  p-channel  power  MOSFETs 
at  late  times,  corresponding  to  the  usual  measurement  times  and 
dose  rates  typical  of  non-pulsed  irradiation.  Therefore,  the 
effects  of  oxide-trapped  charge  must  be  explicitly  modeled  in 
order  to  properly  describe  mobility  degradation.  The  inclusion 
of  the  oxide-trapped  charge  effects  in  models  for  radiation- 
induced  mobility  degradation  requires  a  procedure  for  detecting 
these  effects  and  separating  them  firom  the  dominant  effects  of 
interface-trapped  charge. 

In  this  paper,  an  effective  sqjproach  to  separating  the  effects  of 
oxide-trapped  charge  and  int^ace-trapped  charge  on  radiation- 
induced  mobility  degradation  in  MOSFETs  is  demonstrated.  It 
is  basedonanalyzingmobility  datasetshaving  different  functional 
relationships  between  radiation-induced  oxide-trapped  charge 
and  interface-trapped  charge.  In  contrast  to  earlier  results  [11- 
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[3],  significant  contribution  of  oxide-trapped  cbarge  to  mobility 
degradation  is  detected. 

In  Section  H,  the  functional  dependence  of  mobility  degradation 
on  the  two  trapped  charge  components  is  elucidated.  Section  HI 
describes  theexperimental  procedure  used.  The  results  illustrating 
the  relative  roles  of  oxide-trapped  charge  and  interface-trapped 
charge  are  presented  in  Section  FV.  The  universality  and 
applicability  ofthe  model  are  discussed  in  Section  V.  Conclusions 
are  drawn  in  Section  VI. 

n.  Theory 

Inversion-layer  carrier  mobility  degradation  in  MOSFETs  isone 
ofthewell-establishedeffectsofionizingradiation.  While  there 
is  a  consensus  on  the  dominant  role  of  interface-trapped  charge 
in  radiation-induced  mobility  degradation  [l]-[3],  the  extent  of 
oxide-trapped  charge  contribution  is  not  well  documented.  In 
general,  the  effect  of  oxide-trapped  charge  on  mobility  has  been 
believed  to  be  negligible,  except  in  special  cases  where  the 
formation  of  interface  traps  is  inhibited  or  delayed  (irradiation  at 
cryogenic  temperatures  [11],  and  pulsed  irradiation  [7]). 
Consequently,  oxide-trapped  charge  is  not  explicitly  included  in 
the  most  commonly  used  empirical  expression  modeling 
radiation-induced  mobility  degradation  [l]-[3]: 


where  //  is  the  effective  inversion-layer  carrier  mobility ,  //q  is  the 
pre-irradiation  value  of  mobility,  a  is  the  parameter  describing 
the  effect  of  interface-tr^)pedcharge  on  mobility,  and  is  the 

areal  density  ofradiation-inducedinierface-tr^)ped  charge.  This 
expression  has  been  used  to  describe  radiation-induced  mobility 
degradation  in  both  n-  and  p-channel  integrated-circuit  (low- 
power)  MOSFETs  [1],  [2],  as  well  as  in  n-channel  power 
MOSFETs  [3].  Recently,  the  non-negligible  effect  of  oxide- 
trapped  charge  has  been  demonstrated  in  p-channel  power 
MOSFETs  [9],  [10).  The  following  expression,  originally 
proposed  by  Dimitrijev  et  al,  [5],  [6],  which  explicidy  includes 
the  oxide-trapped  charge,  was  successfully  ^lied  to  model 
radiation-induced  mobility  degradation  [9],  [10]: 


/to  1  +  aifANit  +  (XofAN^t 

where  and  are  the  coefficients  describing  the  effects  of 
interface-trapped  charge  and  oxide-tr^jped  charge,  respectively, 
and  is  the  areal  density  of  radiation-induced  oxide-tr^ped 

charge. 

Equation  1  describes  radiation-induced  mobility  degradation  as 
a  function  of  one  variable,  AN^  and  in  Eq.  2  mobility  is 
expressed  as  a  function  of  two  variables,  AN^  and  AN^^ .  While 
plotting  the  normalized  mobility  (/t//to)  as  a  function  of  one 


variable  can  easily  be  accomplished  using  a  two-dimensional 
graph,  Eq.  2  apparently  necessitates  the  use  of  a  three-dimensional 
graph.  Figure  1  isaplotof  (/x//io)  as  a  function  of  and  AV^ 

The  density  of  radiation-induced  interface-tr^ped  charge  AN ^ 
is  plotted  along  the  x-axis,  the  density  of  radiation-induced 
oxide-tr^jped  charge  AN^  is  plotted  along  the  y-axis,  and  the 
normalized  mobility  is  plotted  along  the  z-axis.  The  data 

plotted  in  Fig.  1  were  obtained  by  irradiating  one  device  (IRF150 

power  MOSFET)  up  to  11.8  krad(Si)  at  a  dose  rate  of  0.60 
rad(Si)/s  and  then  annealing  the  device  at  100°C  for  168  hours. 
The  radiation  data  are  shown  using  closed  symbols  while  the 
annftaf  rfata  are  represented  by  open  symbols.  In  addition  to  the 
actual  data  points  (triangles),  also  shown  are  the  projections  of 
the  (/i//to)  vs.  AN^  and  AN^  points  to  the  AA^^-AV^^  plane 
(squares)  and  to  the  AN^-(^^  plane  (circles).  The  thin 
projection  lines  connect  the  actual  data  points  with  the 
corresponding  projections.  The  arrow  in  the  AA/^-AV^,  plane 
points  from  the  last  radiation  point  (after  11.8  krad(Si))  to  the 
first  anneal  point  (after  10  hours  of  anneal).  During  irradiation, 
AN^  and  AN^^  increase  and  the  normalized  mobility  (/x//ip) 
deaeases.  During  anneal,  initially  there  is  a  large  increase  in 
AN^  followed  by  a  slight  decrease  in  AN^  over  the  remaining 
anneal  time.  AN^^  decreases  monotonically  throughout  the 
anneal.  The  normalized  mobility  decreases  during  radiation  and 
during  the  initial  stage  of  the  aimeal  (when  AiV^  increases). 
During  the  remaining  anneal  time  mobility  increases  since  both 
AV^andA^^deoease.  The  heavy  line  in  the  AV^-(/i//to)pi^s 
is  the  plot  of  Eq.  1  for  a  =  10.6  x  lOr^^  cm^.  This  value  was 
obtained  by  using  the  radiation  data  (closed  circles)  only.  This 
results  in  a  good  fit  for  die  radiation  data,  but  the  normalized 
mobility  degradation  for  the  anneal  data  is  significantly 
overestimated 

The  three-dimensional  plot  shown  in  Fig.  1  is  not  convenient  for 
illustrating  the  utility  of  Eq.  2.  It  is  desirable  to  devise  a 
procedure  which  allows  plotting  the  normalized  mobility  as  a 
function  of  two  variables  on  a  two-dimensional  plot  in  a  manner 
analogous  toplotting(/r//XQ)asafunction  of  AAT^only.  Note  that 
the  projection  of  the  measurement  data  to  the  AN^-(/i//io)  plane 
is  traditionally  used  in  conjunction  with  Eq.  1  [2],  [3],  because 
that  is  a  plot  of  (/x//io)  as  a  function  ofAN^  only.  Figure  2  shows 

aplane  which  can  be  used  fora  two-dimensional  plot  of  normalized 

mobility  as  a  ftmction  of  the  linear  combination  a^AVj^  + 
a^AN^  IncontrasttoRg.  1,  the x- and  y-axes  are  dimensionless, 
and  the  measurement  data  are  projected  to  the  plane  aj^AVj^= 
AN^^  The  heavy  line  in  this  plane  is  the  plot  of  Eq.  2  for 
=  2.7  X 10"^^  cm^  and  =  1.3  x  10"^^  cm^.  Clearly,  both  the 
radiation  data  and  the  anneal  data  are  well  described  by  Eq.  2. 

The  assessment  of  the  contribution  of  oxide-trapped  charge  to 
mobility  degradation  becomes  possible  only  if  mobility  data 
obtained  for  different  functional  relationships  between  AN and 
AN^  are  compared.  If  the  mobility  data  are  characterized  by  a 
single,  linear  AA/^  vs.  AN relationship  (which  is  the  case  for  the 
radiation  data  shown  in  Rg.  1),  the  use  of  Eq.  1  may  result  in  a 
satisfactory  fit,  with  a  describing  the  effects  of  both  trapped 
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Rg.  1  Nonnalized  mobility  during  irradiation  (closed  triangles)  and  anneal 
(open  triangles)  as  a  function  of  radiation-induced  interface-trapped  charge 
density  and  oxide-trapped  charge  density  Also  shown  are  the 

projections  of  these  measurement  data  points  to  the  plane  (squares) 

and  to  the  pi“c  (circles).  The  thin  projection  Uncs  conned  the 

actual  daU  points  with  the  corresponding  projections.  The  arrow  in  the 

planepointsfromthclastradiationpointtothefirstannealpoint  The  heavy  line 

in  the  Ay^-C^/Po)  plane  is  the  plot  of  Eq.  I  for  a  =  10.6  x  10"^^  cm^. 

charge  components,  and  it  may  appear  that  it  is  not  necessary  to 
account  for  the  effects  of  oxide-tr^ped  charge  in  modeling 
radiation-induced  mobility  degradation.  Namely,  if 

(3) 

Eq.  2  becomes 

JL _ I _  (4) 

Mo  l+{ai,+magf)Mu 

Comparing  Eqs.  2  and  4,  we  obtain 

a=a„+ma^.  <5) 

Therefore,  when  there  is  a  linear  relationship  between  and 

AN-  the  normalized  mobility  is  no  longer  a  function  of  two 
lin^ly  independent  variables,  and  consequently  it  is  notpossible 
to  simultaneously  obtain  values  of  the  two  coefficients,  or^and 
Ogf.  Instead,  only  one  coefficient  a  given  by  Eq.  5  may  be 

oWained.  Thus.separationofeffectsofinterface-tr^peddiarge 

andoxide-tiapped  charge  requires  that  these  two  trapped  charge 
components  be  linearly  independent.  Note  that  the  requirements 
for  detection  of  effects  of  oxide-trapped  charge  differ  from  those 
for  separation.  Detection  necessitates  at  least  two  mobility  data 

sets  with  diiferenr(linear  ornonlinear)ANg,  vs.  AA/^telationships. 

In  general,  irradiation  and  anneal  result  in  different  AN^,  vs.  AN^ 
relationships  for  a  given  device  type; 


Fig.  2  Nonnalized  mobtUcy  during  irradialion  (closed  triangles)  and  anneal 
(open  uiangles)  as  m  (unction  of  dimensionless  quantities  and  a,,  AlV^r 

Alsosbownare  the  projections  of  these  data  points  to  the  (<ij,AA(j)-(fl(„AWj,) 
plane  (squares)  and  to  the  plane  AA/;, =a„aN„  (circles).  The  thin  projection 

lines  connect  the  actual  datt  points  with  the  corresponding  projections.  The 
heavy  line  in  the  plane  cc^CiNi,=  a„itN^  is  the  plot  of  Eq.  2  for 
=  2.7  X  tO"'^  cm^  and  =  1.3  x  10"*^  cm^. 


in.  Experiment 

The  devices  used  in  this  study  were  non-hardened  n-channel 
power  DMOS  transistors  IRFlSOmanufacturedby  International 
Rectifier.  A  sample  of  twenty  five  power  MOSFETs  were 
exposed  to  gamma-radiation  in  aCo-60  source.  Two  dose  rates 
were  used:  five  devices  were  irradiated  at  a  dose  rate  of  0.60 
rad(Si)/s  while  the  dose  rate  for  the  remaining  twenty  devices 
was  150  rad(Si)/s.  The  gates  of  the  transistors  were  biased  at 
+  9  V,  while  the  sources  and  drains  were  grounded  during  both 
the  irraHiatinn  and  the  subsequentanneal.  The  irradiations  were 
performed  at  room  temperature.  Two  anneal  temperamres  were 
used— room  temperature  (approximately  23°C)  and  100°C.  All 
five  devices  irradiated  at  the  dose  rate  of  0.60  rad(Si)/s  were 
annealedat  100°C.  Ten  devices  irradiatedatthedoserateof  150 
rad(Si)/s  were  annealed  at  100°C.  while  the  remaining  ten 
devices  were  annealed  at  room  temperature.  For  the  devices 
irradiated  at  the  lower  dose  rate  (0.60  rad(Si)/s),  uradiation  was 
periodically  interrupted  to  perform  electrical  characterization. 
For  the  devices  irradiated  at  the  higher  dose  rate  (150  rad(Si)/s), 

irradiation  was  not  interrupted.  As  aresult,  only  two  “radiation" 
data  points  are  available  for  these  devices — pre-irradiation  (total 
dose  =  0),  and  post-irradiation  (total  dose  =11.8  krad(Si)).  The 
electrical  characterization  was  performed  at  room  temperature 
and  it  included  threshold  voltage  measurements  and  subthreshold 
drain-currentmeasurements.  The  threshold  voltage  was  defined 
as  the  intercept  of  the  extrapolated  V/o$at  vs.  Vq  plot  with  the 
voltage  axis,  as  modeled  by  the  following  equation: 
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/I  W  Cox  ,  „  ^  2 

(O) 

where  Iq  ^  drain  current  in  saturation,  IV  is  the  channel 
width,  Cgx  is  the  oxide  capacitance  per  unit  area,  L  is  the  channel 
length,  V(j  is  the  gate  voltage,  and  Vj-is  the  threshold  voltage. 
The  slope  of  the  i  Ip  sat  vs.  characteristic  is  proportional  to 
Vp,  for  small  {V^-Vj).  This  was  used  to  determine  the  ratio 
/tZ/iQ.  The  spbthreshold  charge  separation  technique  of 
McWhorter  and  Winokur  [12]  was  used  to  decompose  the 
threshold  voltage  shift  A  Vj-into  contributions  from  oxide-trapped 
charge  (AV^ )  and  interface-trapped  charge  (AV^ ).  The  oxide- 
trapped  charge  density  (projected  to  the  interface)  AAZ^,is  defined 
as  AAZ^,  =  I  AVo,|  /  q,  where  q  is  die  electron  charge,  and  the 

interface- trapped  charge  density  AZV^  is  defined  as  AA/^  = 
^V,Cox/q. 

IV.  Results 

In  ihk  section,  the  data  obtained  by  using  (a)  irradiation  and 
aimeal,  and  (b)  irradiation  foUowed  by  anneals  at  two  different 
temperatures  are  presented.  The  data  unequivocally  illustrate  the 
non-negligible  role  of  oxide-trapped  charge  in  mobility 
degradation. 

A.  Radiation  and  Anneal 

Rgure  3  illustrates  the  behavior  of  one  IRF150  power  MOSFET 
irradiated  at  a  dose  rate  of  0.60  rad(Si)/s.  Tliis  behavior  is  typical 
of  all  devices  irradiated  at  diis  dose  rate.  The  device  was 
annealed  at  100°C.  Innon-hardenedpowerMOSFETsirradiated 
at  dose  rates  used  in  this  study,  the  density  of  oxide-trapped 
charge  is  considerably  larger  than  the  density  of  interface- 
trapped  charge  (|AVg,j  >AV^).  Both|AVg,|  and  A  (and  thus 
ANg,  and  AAZ^)  increase  monotonically  during  radiation  (Fig. 
3  (a)):  consequently,  the  normalized  mobility  (/i/aiq) 
monotonically  decreases  during  radiation  (Hg.  3  0))).  During 
annpjl,  the  density  of  interface-trapped  charge  ra^iidly  increases 
during  the  first  several  hours,  and  slowly  decreases  during  the 
remaining  anneal  time,  while  the  density  of  oxide-trapped  charge 
monotonically  decreases  throughoutthe  anneal.  Thenormalized 
mobility  decreases  during  the  initial  stage  of  the  anneal  (when 
ANjj  increases).  During  the  remaining  aimeal  time,  mobility 
increases  since  both  AAZ^  and  AAZ^^  decrease.  The  relationship 
between  and  AN^  resulting  from  Fig.  3  (a)  is  shown  in  Fig. 

3  (c).  During  radiation  (closed  symbols)  there  is  a  linear 
relationship  between  AAZ^,  and  AAZ^  ANg,  =  m  AAZ^ .  During 
anneal  (open  symbols)  AV^and  A/V^are  not  linearly  dependent 
Clearly,  radiation  and  anneal  lead  to  two  different  functional 
relationships  between  AZV^,  and  AAZ^ 

If  the  contribution  of  oxide-trapped  charge  to  radiation-induced 
mobility  degradation  is  negligible,  Eq.  1  is  expected  to  properly 
describe  both  mobility  datasets,  resulting  in  the  same  value  of  the 
coefficient  a.  The  normalized  mobility  (fd/tf)  as  a  function  of 
the  dimensionless  product  aAN^  is  displayed  in  Rg .  4.  A  fitting 
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(a) 


inrico/Ai7 


Dose  [krad(Si)l  Anneal  Time  [hour] 
(b) 


(0 

Hg.  3  (*)  RAdiitiO!i-mducedthrcstK)JdvolUgcshifts(AVj.),aodcontributjoiis 

of  oxide-tnpped  charge  (AV^ )  and  intecface-trapped  charge  (A  V,,)  to  these  shifts 
asafunctioD  of  total  dose  and  anneal  time,  (b)  Normalized  mobility  as  a  function 
of  total  dose  and  anneal  time,  (c)  Radiation-induced  oxide-trapped  charge 
density  ( AN^)  vs.  radiation-induced  interface-trapped  charge  density  (  AN^  ). 
The  radiation  data  are  represented  by  closed  symbols  and  the  anneal  data  are 
represented  by  open  symbols.  The  irradiation  was  performed  at  room  temperature 
(dose  rate  0.60rad(Siys),  and  the  anneal  was  perfonned  at  100®C.  The  gate  bias 
was  positive  (V^  =  +  9  V)  during  both  the  irradiation  and  the  anneal. 

program  STEPIT  [13]  was  used  to  detennine  the  coefficient  a 
using:  (a)  both  the  radiation  and  the  anneal  data,  (b)  the  anneal 
data  only, and(c)theradiationdataonly.  Evidently,  wheneffects 
of  oxide-trapped  charge  are  neglected,  the  value  of  the  coefficient 
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a  depends  on  which  data  set  is  chosen.  In  addition,  the  value 
obtained  when  both  the  radiation  and  the  anneal  mobility  data  are 
used  does  not  properly  describe  either  data  set  (Fig.  4  (a)).  When 
only  one  data  set  is  used,  the  fit  is  satisfactory  for  that  data  set, 
but  it  is  very  inadequate  for  the  other  data  set  (Fig.  4  (b)  and  (c)). 

The  differences  in  values  of  a  are  due  to  the  effects  of  oxide- 
trapped  charge.  The  radiation  data  are  characterized  by  small 
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Hg.  4  Noraalized  mobility  degradation  during  irradiation  (closed 
symbols)  and  anneal  (open  symbols)  as  a  function  d  the  dimensionless  product 
a  The  curves  are  the  plots  trf  Eq.  1  for  a  obtained  using:  (a)  both  the 
radiation  and  the  anneal  data  (  a  =  5.0  x  Itr'^  cm^ ),  (b)  the  anneal  data  only 
(  a  s  4.2  X 10"'^  cm^ ),  and  (c)  the  radiation  data  only  ( a  =  10.6  x  10"'^  cm^ ). 


and  large  AN^  (m  =  5.8  in  Fig.  3  (c),  which  means  that  the 
density  of  oxide-trapped  charge  is  almost  six  times  larger  than 
the  density  ofinteiface-trappedcharge).  SnMA^j,andsignificant 
mobility  degradation  observed  during  radiation  exposure  result 
in  alarge  value  of  the  coefficient  a(Fig.  4  (c)).  (Dn  the  other  hand, 
the  anneal  data  are  characterized  by  almost  equal  and 

which  means  that  the  observed  mobility  degradation  can  be 
described  by  a  smaller  value  of  a  (Rg.  4  (b)).  When  both  the 
radiation  and  the  anneal  data  are  used,  the  fit  results  in  an 
intermediate  value  of  a  (Fig.  4  (a)). 

Irrespective  of  which  data  set  is  used  in  conjunction  with  Eq.  1, 
it  is  not  possible  to  properly  model  both  the  radiation  and  the 
anneal  mobility  data  with  a  unique  value  of  OL  In  contrast,  ifEq. 
2  (which  explicitly  includes  the  effects  of  oxide-trapped  charge) 
is  used,  a  very  good  fit  is  obtained.  Figure  5  illustrates  radiation- 
induced  normalized  mobility  degradation  as  a  fimction  of  the 
linpgr  combination  c(^  +  oCgt  ^ac  Note  that  plotting  /jJjIq 

as  a  function  of  the  linear  combination  ot^  "*■  ®of  ^ 
convenient  way  of  representing  a  function  of  two  variables  on  a 
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Fig.  5  Noranilized  mobility  degradation  during  imdiation  (closed 
symbola)  and  anneal  (open  symbola)  as  a  function  of  the  linear  combination 
+  Oot^oi  ■  "®  **  of  Eq.  2  for  Of,  and  a„,  obtained 

using:  (a)  both  the  radiation  and  theanneal  datt  ( o^=2.7x  10-‘^cm^  and 
=  1.3  X 10"'^  cm^ ),  and  (b)  the  anneal  data  only  (fl^  =  2.8  x  10"’^  cm*  and 

a  =  1.2x10-'^  cm2  ).  por  reasons  explained  in  Section  n,  the  radiation  dau 

alone  cannot  be  used  to  determine  oj,  and  at,,. 
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two-dimensional  graph.  In  Fig.  5  (a)  both  the  radiation  and  the 
anneal  data  are  used  to  fmd  the  values  of  and  while  in  Fig. 
5  (b)  only  the  anneal  data  are  used  to  find  the  values  of  the  two 
coefficients.  In  addition  to  having  a  good  fit  in  both  cases,  the 
values  of  the  coefficients  are  almost  equal.  This  strongly 
supports  the  claim  that  mobility  data  sets  characterized  by 
different  vs.  AA'^relationshq)s  cannot  be  properly  modeled 

if  the  effects  of  oxide-trapped  charge  are  neglected.  As  previously 
explained  in  SectibnII,  itisnot  possible  to  find  the  two  coefficients 
if  the  radiation  data  only  are  used,  because  in  that  case,  the  two 
variables  are  lineaiiy  dependent  ( =  m  ). 

It  should  be  noted  that  the  data  plotted  in  Hgs.  3-5  describe  one 
and  the  same  device  as  those  shown  in  Figs.  1-2.  In  particular. 
Fig.  3  (c)  is  the  projection  of  the  mobility  data  as  a 

function  of  AA^^  and  ANgf)  to  the  AN^-ANg,  plane,  and  Fig.  4  (c) 
is  the  projection  of  the  mobility  data  to  the  AA^^-</r/^  plane 
(Hg.  1).  Similarly, Hg.5(a)  is  the  projection  of  themobility  data 
(Ot//r(j)  as  a  function  of  Oj,  AN^,  and  AA/^,)  to  the  plane  AA/^ 
=  a„AN,,(Fig.2). 

B.  Anneals  at  Different  Temperatures 

Rgures  6  and  7  illustrate  the  behavior  of  two  power  MOSFETs 
annealed  at  different  temperatures.  One  device  was  annealed  at 
lOOT  (Fig.  6),  while  the  other  was  annealedat  room  temperature 
(Fig.  7).  The  two  devices  were  irradiated  at  the  same  dose  rate 
(150  rad(Si)/s).  Irradiations  were  performed  in  one  step,  with  no 
interruptions.  As  a  result,  only  two  *Yadiation”  data  points  are 
available — ^pre-irradiation  (total  dose  =  0),  and  post-irradiation 
(total  dose  =  11.8  krad(Si)). 

The  behavior  of  the  device  annealed  at  lOO^C  is  the  same  during 
anneal  as  that  illustrated  in  Fig.  3  for  a  device  irradiated  at  the 
lower  dose  rate.  However,  the  device  annealed  at  room 
temperature  behaves  quite  differently.  The  density  of  oxide- 
tr^ped  charge  remains  essentially  unchanged,  while  the  density 
of  interface-tr^ped  charge  increases  only  during  the  initial  stage 
of  the  anneal  (the  first 200 hours)  and  does  not  change  during  the 
remaining  anneal  time  (Fig.  7  (a)).  Consequently,  foUowing  a 
decrease  during  the  initial  stage  of  the  room-temperature  anneal, 
the  normalized  mobility  does  not  change  over  most  of  the  anneal 
time  (Fig.  7  (b)). 

Clearly,  the  anneals  at  these  two  temperatures  lead  to  two 
different  functional  relationships  between  and  ,  which 
are  shown  in  Figs.  6  (c)  and  7  (c).  The  corresponding  two 
mobility  data  sets  are,  therefore,  characterized  by  relatively  low 
AA^^^andhigh  AA^^(  100°C-anneal,  Fig.  6  (c)),  and  relatively  high 
AA^^^and  low  AN^  (room-temperature  anneal,  Hg.  7  (c)). 

Once  again,  if  the  contribution  of  oxide-tr^jped  charge  to 
radiation-induced  mobility  degradation  is  negligible,  £q.  1  is 
expected  to  properly  describe  both  mobility  data  sets,  resulting 
in  the  same  value  of  the  coefficient  a.  STEPIT  [13]  was  used  to 
determine  the  coefficient  a  using  the  anneal  mobility  data  only. 
Normalized  mobility  as  a  function  of  the  dimensionless 


(a) 


Hg.  6  (a)  RadiatioD-induced  threshold  voltage  shifts  (AV^),  andconiributioDs 

of  oxide-trapped  diarge  (A  )  and  inteif  ace-trapped  charge  (A  to  these  5  hifts 
as  a  fuDcdoD  of  total  dose  and  anneal  time,  (b)  Normalized  mobility  as  a  funcuon 
of  total  dose  and  time,  (c)  RadiahoQ-induced  oxide-trapped  charge 

density  ( AN^,)  vs.  radiation-induced  interface-trapped  charge  density  ( AN^  ). 
The  radiati(»  rfaia  are  represented  by  closed  symbols  and  the  anneal  data  are 
represented  by  opensymbols.  The  irradiation  was  performed  at  room  temperature 
(dose  rate  150  rad(Si)/s),  and  the  anneal  was  performed  at  1CX)°C  The  gate  bias 
was  positive  (Vq  =  4-  9  V)  during  both  the  irradiation  and  the  anneal. 

product  aAN^  is  displayed  in  Fig.  8.  The  values  of  aobtained 
for  the  two  mobility  data  sets  differ  by  more  than  30%  and  the 
value  obtained  for  the  23°C-anneal  is  higher  than  that  obtained 
for  the  l(X)°C-anneal.  In  addition,  the  post-irradiation  mobility 
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Dose  [krad(Si)]  Anneal  Time  [hour] 
(a) 


Dose  [krad(Si)]  Anneal  Time  [hour] 
(b) 


Fig.  7  (a)  Radiation-induced  threshold  voltage  shifts  (A  Vj.),  andcoathbutioos 

of  oxide-irappcd  charge  (A  )  and  inteiface-trapped  charge  (A  V),)  to  these  shifts 
as  a  function  oftotal  dose  and  anneal  time,  (b)  Normalized  mobility  as  a  function 
of  total  dose  and  anneal  time,  (c)  Radiation-induced  oxide-trapped  charge 
density  ( AiV^,)  vs.  radiation-induced  interface-trapped  charge  density  (  AN^  ). 
The  radiation  are  represented  by  closed  symbols  and  the  anneal  data  arc 
represented  by  open  symbols.  Both  the  irradiation  (dose  rate  150  radfSiVs)  and 
the  annual  were  perftnmed  at  ro<Mn  temperature.  The  gate  bias  was  positive 
9  V)  during  both  the  irradiation  and  die  anneal. 

value  is  considerably  lower  than  Eq.  1  would  predict  Both  of 
these  failures  of  Eq.  1  may  be  explained  by  significant  effects  of 
The  density  of  oxide-traj^ied  charge  is  higher  for  the  23°C- 
anneal,  and  thus  a  higher  value  of  a  is  necessary  to  describe  the 
measured  OiZ/io)-  Also,  is  considerably  larger  than 


Fig.  8  Nonnalized  mobility  degradation  during  irradiation  (closed 
symbols)  and  anneal  (open  symbols)  as  a  function  of  the  dimensionless  product 
aiiNi,  for  (a)  a  power  MOSFET  annealed  at  lOO-C,  and  (b)  a  power  MOSFET 
annealed  at  room  tempetanire.  The  curves  are  the  plots  of  Eq.  1  for 
a = 4.3  X  lO"'^  cm^  (a),  and  for  a = 5.7  x  10"'^  cm^  (b). 

during  irradiation,  and  thus  significant  mobility  degradation  is 
obtained  at  relatively  low  densities  of  interface-trappied  charge. 
As  a  result,  Eq.  1  with  a  obtained  using  the  anneal  data  only 
(when  A^„, and  A^^are  comparable)  will  always  underestimate 
mobility  degradation  during  irradiation. 

If  Eq.  2  is  used  to  model  radiation-induced  mobility  degradation 
(Fig.  9),  the  agreement  between  the  values  of  the  coefficients 
obtained  for  the  two  mobility  data  sets  is  appreciably  improved 
(o  =2.7xl0"‘^cm2  amj  0,^,=  1.3xl0"*^cm^  forthel(X3°C- 
anneal,  and  2.6x10-12  cm2  and  i.2xl(ri2cm2  for 

the  23‘’C-anneal).  In  addition,  the  post-irradiation  mobility 
value  (solid  circle)  is  now  properly  piloted  by  the  model. 

V.  Discussion  OF  Results 

An  important  issue  regarding  mobility  modeling  is  whether  a 
particular  set  of  coefficients  is  valid  for  just  one  device  or  for  all 
devices  of  a  given  type.  The  model  in  which  oxide-uapped 
charge  effects  are  neglected  (Eq.  1)  clearly  fails  to  describe  even 
asingle  device  that  is  subjected  to  conditions  leading  to  different 
relationships  between  AAT^,  and  AAf^^  In  contrasL  the  two 
coefficients  from  Eq.  2  change  very  little  when  different  mobility 
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Hg.  9  Nocmalized  mobility  degradation  during  irradiation  (closed 
symbols)  and  anneal  (open  symbols)  as  a  function  of  the  linear  combination 
0^  for  (a)  a  power  MOSFET  annealed  at  100°C  and  (b)  a  power 

MOSFET  annealed  at  room  temperature.  Hiecurves  are  the  plots  of  Eq.  2  for 
0^  =  2.7  X  qjj2  -  13  X  iq-12  j3jj2  for  -  2.6  x 

KT^^cm^  anda^,=  1.2  x  10"*^  cm^  (b). 

data  sets  are  used.  In  the  previous  two  subsections,  the  validity 
of  £q.  2  was  demonstrated  for  the  radiation  and  the  anneal  data 
obtained  firom  one  device  (Fig.  5),  and  for  the  anneal  data 
obtained  by  annealing  two  irradiated  devices  at  different 
temperatures  (Fig,  9).  In  Figs.  10  and  1 1,  the  data  obtained  using 
two  different  dose  rates  and  two  different  anneal  temperatures 
are  plotted — a  total  of  2 1 7  points  per  figure  representing  thirteen 
devices.  Once  again,  the  necessity  of  including  effects  of  oxide- 
trapped  charge  is  obvious.  Tbe  values  of  the  coefficients 
describing  the  effect  of  interface-trapped  charge  and  oxide- 

trapped  charge  are  a^=  2.6  1.2x10"^^ 

cm^,  respectively  (Fig.  11). 

Physically,  it  could  be  argued  that  the  value  of  the  coefficient 
should  be  smaller  for  the  anneal  data  than  for  the  radiation  data. 
It  is  well  known  that  the  location  of  the  oxide-trapped  charge  is 
not  Hxed  throughout  irradiation  and  anneal.  As  the  '"tunneling 
front' ’  [14],  [15]  moves  away  from  the  interface  into  the  oxide 
bulk,  the  average  distance  of  oxide-trapped  charges  from  the 
interface  increases.  Consequently,  the  ability  of  oxide-trapped 
charge  to  influence  the  inversion-layer  carriers  should  decrease 


Hg.  10  Nocmalized  mobility  degradation  during  irradiation  (closed 
5yiid>ols)  and  anneal  (open  symbols)  as  a  function  of  the  dimensionless  product 
a  for  IRF150  power  MOSFETs  used  in  this  study  (13  devices,  217  data 
points;  imdiatioDS  puformed  at  two  different  dose  rates,  anneals  performed  at 
two  different  tenqieratures).  Hie  curve  is  the  plot  ofEq.  1  for  a=10.8x 
10"*^  cm^.  The  radiation  data  only  (closed  symbols — 71  points)  were  used  to 
determine  a 


Fig.  11  Normalized  mobility  degradation  during  irradiation  (closed 
symbols)  and  annaal  (open  symbols)  as  a  function  of  the  linear  ccxnbination 
for  IRF150  power  MOSFETs  used  in  this  smdy  (1 3  devices, 
217  data  points;  iiradiaticHis  pefformed  at  two  different  dose  rates,  anneals 
performed  at  two  different  temperatures).  The  curve  is  the  plot  of  Eq.  2  for 
2.6x10"*^  cm?  anda^^=  Both  the  radiation  and  the  anneal 

data  were  used  to  determine  and 

and  thus  should  decrease.  However,  if  the  tunneling  front  is 
assumed  to  move  at  a  rate  of  0.2  nm/decade  [7],  the  tunneling 
front  for  the  longest  anneal  times  in  this  study  (of  the  order  of  1 0^ 
s)  is  less  than  1  mn  away  from  its  position  when  measurements 
“during  irradiation”  (solid  symbols  in  all  the  figures)  are  performed 
(10^-10^  s  after  irradiation  was  interrupted).  Therefore,  the 
average  distance  of  oxide-trapped  charges  fi*om  the  interface  is 
not  appreciably  different  for  the  radiation  data  and  the  anneal 
data.  This  explains  why  the  differences  between  the  coefficient 
values  obtained  using  different  data  sets  (see  Figs.  5  and  9)  are 
very  small.  Consequently,  the  model  given  by  Eq.  2  is  capable 
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of  properly  describing  both  the  radiation  and  the  anneal  data  with 
the  same  set  of  coefficients. 

The  fact  that  the  ‘‘tunneling  front*’  does  not  move  far  from  the 
interface  allows  the  oxide-trapped  charge  density  projected  to 
the  interface,  to  be  used  instead  of  the  time-dependent 
used  by  McLean  and  Boesch  [7].  The  time-dependent 
is  the  areal  density  of  holes  remaining  at  time  t  at  the 
distance  xjt)  froin  the  interface,  where  xjt)  is  the  time- 
dependent  position  of  the  tunneling  front  [71.  Assuming  a 
relatively  large  =  4  nm,  corresponding  to  long  anneal  times 

(of  the  order  of  10^  s),  the  difference  between  the  two  oxide- 
trapped  charge  densities  for  typical  gate-oxide  thicknesses  in 
power  MOSFETs  is  only  about  4%.  This  is  certainly  less  than 
the  uncertainties  in  the  values  of  the  coefficients  (in  units 
cm^)  from  this  study  and  cr^  (in  units  cm^)  from  [7],  and 
significantly  less  than  the  uncertainties  associated  with  the  room- 
temperature  value  of  t) .  ITierefore,  Eq.  2  may  be  expected  to 
work  weU  in  describing  radiation-induced  mobility  degradation 
at  late  times  for  all  MOSFETs  except  for  those  which  have  very 
thin  gate  oxides. 

The  experiments  described  in  Section  in  have  also  been 
performed  for  IRF250  power  MOSFETs  manufactured  by 
International  Rectifier.  Similarcoefficient  values  are  obtained: 
cr^  =  2.2  X 10"^^  cm^  and  =  1.4  x  10“'^  cm^. 

Finally,  note  that  it  is  not  surprising  that  the  addition  of  the 
second  coefficient  to  the  equation  modeling  radiation-induced 
mobility  degradation  leads  to  a  better  fit  However,  the  value  of 
Eq.  2  is  in  its  physical  justification. 

VI.  CONCXUSIONS 

A  significant  contribution  of  oxide-tnqjped  charge  to  radiation- 
induced  mobility  degradation  has  been  demonstrated.  This 
result  advances  and  improves  understanding  of  the  efiects  of 
interface-trapped  charge  and  oxide-trapped  charge  on  mobility 
and  supersedes  the  earlier  work  [l]-[3].  The  effects  of  oxide- 
tnq)ped  charge  must  be  taken  into  account  in  order  to  properly 
describe  mobility  degradation  when  large  densities  of  radiation- 
inducedoxide-tr^pedchargeare  present  A  systematic  approach 
to  detecting  effects  of  oxide-trs^ped  charge  and  separating  them 
from  the  effects  of  interface-trapped  charge  is  illustrated. 
Detection  of  oxide-trapped  charge  effects  requires  that  mobility 
data  sets  having  different  functional  relationships  between 
and  AV^  be  analyzed  simultaneously.  In  this  study,  different 
relationships  between  AV^andAV^for  devices  of  the  same  type 
were  obtained  by  using  irradiation  and  anneal  Separation  of 
oxide-trapped  charge  effects  from  those  of  interface-trapped 
charge  necessitates  that  and  AN^  be  linearly  independent 
These  results  are  particularly  important  for  mobility  modeling  in 
non-hardened  devices  in  which  ionizing  radiation  leads  to  large 
densities  of  oxide-trapped  charge. 
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Abstract 

The  applicability  of  MIL-STD-883D  Method  1019.4  to  predict¬ 
ing  the  low-dose-rate  radiation  response  of  non-hardened  power 
MOSFETs  has  been  investigate.  Method  1019.4  works  well  in 
providing  bounds  for  the  threshold-voltage  shift.  However,  it  is 
not  intended  to  provide  an  estimate  of  the  actual  due  to  low- 

dose-rate  irradiation.  A  modifie  method  is  propose  which  can 
yield  more  information  on  the  threshold-voltage  shift  at  low  dose 
rates  for  power  MOSFETs. 

I.  Introduction 

The  electrical  characteristics  of  power  MOSFETs  make  them  of 
interest  for  use  in  space  systems  [1].  Power  MOSFETs,  in 
general,  have  higher  switching  spees  than  their  power  bipolar 
transistor  counterparts  [2].  Power  MOSFETs  also  have  a  nega¬ 
tive  temperature  coefficient  of  carrier  mobility  which  reduces  the 
potential  for  thermal  runaway,  second  breakdown,  and  power 
hogging  in  parallel  devices  when  compared  to  bipolar  transistors 
[2].  In  addition,  power  MOSFETs  have  simpler  input  drive 
requirements  than  bipolar  transistors  [3]. 

Space  applications  of  power  MOS  devices  require  knowledge  of 
the  behavior  of  these  devices  when  exposed  to  low-dose-rate 
ionizing  radiation  typical  of  natural  space.  There  has  been 
considerable  work  on  the  effects  of  ionizing  radiation  on  MOS 
devices  and  a  number  of  reviews  arc  available  [4-6],  Most  work 
characterizing  the  effects  of  ionizing  radiation  on  MOS  devices 
has  been  done  at  the  high  dose  rates  normally  available  for 
laboratory  experimentation.  However,  several  researchers  have 
focused  on  hardness  assurance  methodology  applicable  to  the 
space  environment  [7-1 1]. 

Since  low-dose-rate  testing  at  dose  rates  typical  of  natural  space 
is  relatively  time-consuming  and  expensive,  an  expeditious  test 
procedure  for  microcircuits  is  described  in  MIL-STD-883D, 
Method  1019.4.  Strictly  speaking.  Test  Method  1019.4  has  only 

*  Work  supported  in  part  by  ALCATEL  ESPACE  under  contract 
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been  incorporated  into  MIL-STD-883D.  Power  MOSFETs,  as 
discrete  devices,  are  governed  by  MIL-STD-750C.  Test  Method 
1019.4,  appropriately  modified  for  discrete  devices,  has  not  yet 
been  incorporated  in  MIL-STD-750C,  The  main  sequence  for 
Method  1019.4  consists  of  a  high-dose-rate  (50-300  rad(Si)/s) 
irradiation  followed  by  an  elevated  temperature  anneal  (168 
hours  at  1(X)®C)  [12].  The  purpose  of  the  anneal  is  to  accelerate 
the  time-dependent  effects  that  are  significant  in  determining  the 
low-dose-ralc  radiation  response  of  MOS  devices.  Fleetwood  et 
al.  [13],  Barnes  etal.  [14],  and  Sexton  etal.  [15]  have  discussed 
the  evolution  of  Method  1019  so  that  it  is  applicable  to  hardness 
assurance  for  devices  intended  for  space  systems.  The  main 
sequence  of  Method  1019.4  is  further  described  in  Appendix  A. 

This  paper  discusses  the  application  of  Test  Method  1019.4  to 
non-hardened  power  MOSFETs.  Data  taken  at  a  low  dose  rate 
approaching  the  natural  space  environment  are  compared  di¬ 
rectly  with  high-dose-rate  data  followed  by  high  temperature 
annealing.  Method  1019.4  is  found  to  be  extremely  useful  in 
providing  bounds  for  the  threshold- voltage  shift.  However,  it  is 
not  intended  to  provide  an  estimate  of  the  actual  AVj  due  to  low- 
dose-rate  irradiation.  A  modification  to  this  method  is  proposed 
which  can  more  accurately  estimate  the  threshold- voltage  shift  at 
low  dose  rates  for  the  commercial  power  MOSFETs  used  in  this 
study. 

n.  Experimental  Details 

The  device  types  used  in  this  study  were  ERF  1 50  and  IRF250 
power  MOSFETs  manufactured  by  International  Rectifier.  The 
devices  came  from  the  same  wafer  lot  (6UIG  for  IRF150  and 
0B3L  for  IRF250).  The  gates  were  biased  at  +9  V,  while  the 
sources  and  drains  of  all  devices  were  grounded  during  both 
irradiation  and  anneal.  The  radiation  exposure  was  performed  at 
two  different  dose  rates  in  a  Co-60  source.  One  group  of  devices 
was  irradiated  at  a  high  dose  rate  (HDR,  150  rad(Si)/s).  and 
annealed  in  accordance  with  Test  Method  1019.4.  The  second 
group  was  irradiated  at  a  low  dose  rate  (LDR,  3.6  x  10“*  rad(  Si  V 
s).  Irradiations  were  performed  at  room  temperature.  The  total 
dose  for  both  radiation  exposures  was  1 1.8  krad(Si).  For  devices 
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exposed  at  a  high  dose  rate,  one  group  was  annealed  at  1 00®C  for 
168  hours,  while  the  second  group  was  annealed  at  room  tem¬ 
perature  for  a  period  of  I  year. 

Method  1019.4  specifies  that  after  irradiation  and  completion  of 
electrical  characterization  devices  must  be  irradiated  to  an  addi¬ 
tional  dose  equal  to  0.5- times  the  sp^ccified  dose.  The  purpose  of 
this  test  is  to  identifyfailures  caused  by  a  rebound  of  electrical 
characteristics  to  a  value  greater  than  the  pre-irradiation  value. 
However,  extensive  characterization  of  these  parts  indicates  that 
threshold- voluge  rebound  does  not  occur.  Figure  1  shows  that 
there  is  no  rebound  in  AV^  due  to  increase  in  the  density  of 
interface-traps  during  i00°C  anneal.  Therefore,  this  element  has 
been  eliminated  on  the  basis  of  characterization  testing,  as 
permitted  by  Method  1019.4  [12]. 

Standard  transistor  threshold  voltage  and  subthreshold  current- 
voltage  measurements  were  performed  at  room  temperature 
using  a  HP4 1 45B  semiconductor  parameter  analyzer.  The  thresh¬ 
old  voltage  is  defined  as  the  voltage-axis  intercept  of  the  square 
root  of  the  drain  current  versus  gate  voltage  in  saturation.  The 
threshold-voltage  shift  due  to  oxide-trapped  charge.  AVot,  and 
that  due  to  interface-trapped  charge,  A V it,  were  determined  using 
the  subthreshold  charge  separation  technique  of  McWhorter  and 
Winokur  [16]. 

m.  Results 

Three  different  experiments  were  performed:  a)  High  Dose  Rate 
(HDR)  irradiation  followed  by  anneal  at  1 00°C  ( 1 0 IRF 1 50's  and 
10  IRF250's);  b)  High  Dose  Rate  (HDR)  irradiation  followed  by 
room  temperature  anneal  (10  IRF  150's  and  10  IRR50's);  and  c) 
Low  Dose  Rate  (LDR)  irradiation  ( 1 5  IRF  1 50’s  and  1 5  IRF250's). 
The  data  displayed  for  each  experiment  are  the  average  of  all 
devices  tested.  Standard  deviations  are  typically  too  small  to  be 
visible  on  the  plots. 

A.  HDR  +  lOO^C  Anneal 

Figure  1  shows  the  threshold-voltage  shift  and  contributions  of 
oxide-trapped  charge  and  interface-trapped  charge  during  irra¬ 
diation  and  during  anneal.  The  high  temperature  anneal  was  at 
100°C  for  168  hours.  During  irradiation,  the  density  of  oxide- 
trapped  charge  is  much  larger  than  the  density  of  interface- 
trapped  charge.  The  high  temperature  anneal  initially  causes  a 
significant  increase  in  the  density  of  interface-trapped  charge. 
This  interface-trapped  charge  decreases  slightly  during  the  rest 
of  the  anneal  time.  A  decrease  in  AVjt  at  100°C  does  not 
necessarily  imply  a  decrease  in  the  density  of  interface  traps.  The 
subthreshold  charge  separation  technique  [16]  involves  sub¬ 
threshold  current  measurements  which  are  relatively  slow.  This 
means  that  oxide  traps  located  very  close  to  the  silicon-silicon 
dioxide  interface  can  exchange  charge  with  the  silicon  on  the 
time  scale  of  the  measurements  (several  seconds).  Traps  which 
are  located  in  the  oxide,  and  behave  electrically  as  “switchable 
states’'  have  recently  been  termed  “border  traps”  [17],  [18]. 
These  border  traps  cannot  be  resolved  from  the  actual  interface 


Fig.  1.  Radiation-induced  threshold- voltage  shifts  (AV^,  and 
contributions  of  oxide-trapped  charge  (AV^)  and  interface-trapped 
charge  (AV^^)  to  the  threshold-voltage  shifts  during  high-dose-rate 
irradiation  (closed  symbols)  and  lOO^C-anneal  (open  symbols)  for  (a) 
IRF  150,  and  (b)  IRF250. 

traps  (located  at  the  silicon-silicon  dioxide  interface)  using  the 
subthreshold  charge  separation  technique.  As  a  result,  a  decrease 
in  the  density  of  border  traps  during  anneal  cannot  be  disun- 
guished  from  a  decrease  in  AV^t  using  the  subthreshold  tech¬ 
nique,  if  the  density  of  actual  interface  traps  does  not  change.  The 
contribution  of  border  traps  to  the  total  AV in  these  devices  is 
estimated  to  be  approximately  25%,  assuming  that  the  density  of 
actual  interface  traps  does  not  change  during  the  last  150  hours 
of  the  100°C-anneal.  The  density  of  the  oxide-trapped  charge 
decreases  monotonically  during  the  entire  anneal  time. 

The  maximum  negative  threshold-voltage  shift  occurs  immedi¬ 
ately  after  irradiation,  when  the  oxide-trapped  charge  is  at  its 
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(a)  Dose  [krad(Si)]  Anneal  Time  [hour]  (a)  Dose  [kracl(Si)] 


Dose  [krad(Si)]  Anneal  Time  [hour] 

Fig.  2.  Radiaiion-induced  threshold-voltage  shifts  (AV^).  and  contribu¬ 
tions  of  oxide-trapped  charge  (AV^)  and  interface-trapped  charge  {A'VJ 
to  the  threshold- voltage  shifts  during  irradiation  (closed  symbols)  at 
high  dose  rate  and  anneal  at  room  temperature  (open  symbols)  for  (a) 
IRF150,  and  (b)  IRF250. 

maximum  and  the  interface-trapped  charge  buildup  is  not  com¬ 
plete.  At  low  dose  rates,  the  failure  mechanism  may  be  an 
increase  in  the  threshold  voltage  due  to  interface-trapped  charge. 
The  maximum  positive  threshold-voltage  shift  occurs  if  the 
oxide  charge  is  completely  removed  by  annealing  and  the  inter¬ 
face  trap  formation  is  complete.  This  is  estimated  by  measuring 
AVjt  after  annealing  at  l(X)°C  to  accelerate  the  formation  of  the 
interface-trapped  charge.  The  actual  low-dose-rate  threshold- 
voltage  shift  will  lie  between  these  two  bounds. 

B.  HDR  +  Room  Temperature  Anneal 

Figure  2  shows  the  threshold- voltage  shifts  for  devices  irradiated 
at  the  high-dose-rate  and  annealed  at  room  temperature.  Again, 
during  irradiation,  the  density  of  the  oxide-trapped  charge  is 
larger  than  the  density  of  interface-trapped  charge.  The  inter¬ 
face-trapped  charge  density  increases  very  slowly  during  the 


(b) 

Dose  [krad(Si)] 

Fig.  3.  Threshold-voltage  shifts  (AV^)  and  contributions  of  oxide- 
trapped  charge  (AV  J  and  interface-trapped  charge  (AV  to  these  shifts 
for  power  MOSFCTs  irradiated  at  a  low  dose  rate  for  (a)lRF150. 
and  (b)  IRF250. 

anneal  time,  while  the  oxide-trapped  charge  density  essentially 
remains  constant  during  the  room  temperature  anneal. 

C.  LDR 

Figure  3  shows  the  threshold-voltage  shift  and  contributions  of 
oxide- trapped  charge  and  interface-trapped  charge  for  ionizing 
radiation  exposure  at  a  dose  rate  of  3.6  x  10^  rad(Si)/s  up  to  the 
total  dose  of  11.8  krad(Si).  The  density  of  interface-trapped 
charge  and  the  density  of  oxide-trapped  charge  increase  mono- 
tonically. 

rv.  Discussion 

By  comparing  Figs.  I  and  3,  it  is  observed  that  the  density  of 
interface-trapped  charge  following  HDR  irradiation  and  high- 
temperature  anneal  is  approximately  the  same  as  the  density  of 
interface-trapped  charge  following  LDR  irradiation.  Therefore. 
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high-dose-rate  irradiation  followed  by  high  temperature  anneal 
predicts  the  build-up  of  interface-trapped  charge  due  to  low- 
dose-rate  irradiation  in  this  experiment.  The  magnitude  of  the 
oxide-trapped  charge  is  significantly  smaller  after  the  high  tem¬ 
perature  anneal  (Fig.  1)  than  after  the  low-dose-rate  irradiation 
exposure  (Fig.  3). 

Figure  4  shows  the  threshold-voltage  shifts  for  IRF150  devices 
due  to  interface-trapped  charge  (AVjt)  and  oxide- trapped  charge 
( AVot)  as  a  function  of  irradiation  time  plus  anneal  time  at  1  OO’C 
and  at  room  temperature.  This  method  is  commonly  used  to  show 
that  irradiation  and  anneal  data  for  interface-trapped  charge  or 
oxide-trapped  charge  fail  on  the  same  curve,  independent  of  the 
dose  rate  at  which  the  damage  was  introduced  [19].  Figure  4  also 
shows  the  measured  AV^j  and  AVi(  at  1 1 .8  krad(Si)  due  to  low- 
dose-rate  irradiation.  In  Fig.  4  (a),  it  is  observed  that  AVi(  at  the 
end  of  1 1.8  krad(Si)  for  the  low-dose-raie  exposure  falls  very 
near  the  high-dose-rate  exposure  plus  room  temperature  anneal 
curve.  Furthermore,  high-dose-rale  irradiation  followed  by 
1  OO’C-anneal  conservatively  predicts  the  amount  of  shift  due  to 
interface-trapped  charge.  In  Fig.  4  (b)  the  magnitude  of  AWot  for 
the  low-dose-raie  exposure  is  the  same  as  the  magnitude  of  AV^j 
for  high-dose-rate  irradiation  followed  by  room  temperature 
anneal.  High-dose-rate  irradiation  followed  by  anneal  at  lOO'C 
does  not  provide  an  estimate  for  AV^j.  This  has  been  shown 
earlier  for  CMOS  devices  [20]. 

The  threshold- voltage  shift  for  IRF  150’s  for  the  low-dose-rate 
irradiation  at  the  total  dose  of  1 1.8  krad(Si)  is  -1,078  ±  0.04  V 
with  AVot  =  - 1 .97 1  ±  0.06  V  and  AVit  =  0.893  ±  0.04  V.  For  the 
high-dose-rate  irradiation,  the  threshold- voltage  shift  at  the  same 
total  dose  was  - 1 .66  ±  0.08  V  with  AV ot = - 1  *90 ±  0. 1 0  V  and  AV it 
=  0.24  ±  0.02  V. 

The  behavior  of  these  power  MOSFETs  differs  from  that  of 
typical  integrated-circuit  MOSFETs  in  that  there  is  very  little 
annealing  of  oxide  trapped  charge  at  room  temperature.  This  is 
illustrated  clearly  in  Fig.  2. 

V.  Proposed  New  Method 
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Fig.  4.  (a)  AV^^  and  (b)  AV^  as  a  function  of  irradiation  time  plus  anneal 
time  for  IRF  150  at  room  temperature  (open  triangles),  and  I OOC  (closed 
triangles).  Closed  circle  shows  the  measured  (a)  AV^^  and  (b)  AV^  at  the 
total  dose  of  1 1.8  krad(Si)  for  low-dose-rate  irradiation. 


The  high-dose-rate  irradiation  provides  conservative  bounds  for 
the  threshold-voltage  shift,  AVj,  for  the  low-dose-rate  irradia¬ 
tion.  However,  the  magnitude  of  the  threshold- voltage  shift  is  not 
accurately  predicted  by  either  high-dose-rate  irradiation  nor  the 
ensuing  high- temperature  anneal.  In  these  devices  (as  well  as 
other  commercial  power  MOSFETs  that  were  tested),  no  re¬ 
bound  is  observed;  the  failure  mechanism  is  reduction  of  the 
threshold  voltage  due  to  oxide-trapped  charge.  Method  1019.4 
provides  a  bound  for  this  effect,  but  Figs.  1  and  3  illustrate  that 
the  actual  threshold-voltage  shift  at  low  dose  rates  is  significantly 
less  than  this  bound.  This  may  lead  to  rejection  of  parts  that  will 
function  well  in  a  space  environment.  It  is  important  to  obtain  an 
estimate  of  the  true  low-dose-rate  threshold- voltage  shift  to 
effectively  select  parts  for  space  applications. 

The  high-temperature  anneal  following  the  high-dose-rate  irra¬ 


diation  provides  a  good  estimate  for  AVi^  resulting  from  the  low- 
dose-rate  irradiation.  Similarly,  a  good  estimate  for  AV may  be 
obtained  from  the  high-dose-rate  irradiation.  This  suggests  that 
a  good  estimate  for  the  threshold- voltage  shift  resulting  from  the 
low-dose-rate  irradiation  can  be  obtained  by  combining  AVqj  at 
the  end  of  high-dose-rate  irradiation  and  AV at  the  end  of  high- 
temperature  anneal. 

Method  1 0 1 9.4  provides  bounds  for  the  radiation-induced  thresh¬ 
old-voltage  shift.  The  maximum  possible  negative  shift  occurs 
when  the  oxide  charge  is  at  its  maximum  and  interface  traps  are 
minimized.  Conversely,  the  maximum  possible  positive  shift 
occurs  when  the  oxide  charge  is  entirely  removed  and  the 
interface-trap  density  is  maximized.  In  the  power  MOSFETs 
examined  here,  the  annealing  of  the  oxide  charge  is  negligible  at 
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zoom  temperature;  thus,  the  improvement  of  the  device  response 
at  low  dose  rates  depends  on  the  negatively-charged  interface- 
u^pped  charge  to  balance  the  positive  oxide  charge.  The  actual 
threshold-voltage  shift  at  low  dose  rates  can  be  estimated  by 
using  the  arithmetic  sum  of  obtained  immediately  after 
irradiation  and  AVit  obtained  following  the  high-temperature 
anneal. 

Through  this  modification,  the  threshold-voltage  shift  due  to 
low-dose-rate  ionizing  radiation  exposure  can  be  estimated.  For 
example,  using  AV^t  =  0.89  V  at  the  end  of  high-temperature 
anneal  and  AVo^ = - 1 .90  V  at  the  end  of  high-dosc-rate  irradiation, 
the  threshold- voltage  shift  can  be  calculated  as  AVj  =  -1.90  V+ 
0.89  V  =  -l.Ol  V.  The  actual  threshold-voltage  shift  at  the  end 
of  low-dose-rate  irradiation  exposure  is  -1.078  V  (Fig.  3).  The 
difference  between  the  actual  threshold-voltage  shift  and  the 
estimate  obtained  using  the  proposed  new  method  is  6.3%.  The 
above  analysis  was  for  IRF150  devices;  IRF250  devices  exhibit 
the  same  behavior. 


VI.  Conclusions 

The  application  of  Test  Method  1019.4  to  non-hardened  power 
MOSFETs  has  been  examined  experimentally.  The  results 
would  support  incorporation  of  a  similar  methodology  in  MIL- 
STD-750C  for  discrete  power  MOSFETs.  The  results  presented 
suggest  that,  even  though  1019.4  is  a  very  effective  technique  for 
bounding  AV^,  an  alternative  method  can  provide  more  informa¬ 
tion  than  Method  1019.4  in  estimating  actual  threshold-voltage 
shifts  for  non-hardened  power  MOSFETs  in  low-dose-rate  envi¬ 
ronments. 

Since  oxide-trapped  charge  annealing  is  negligible  during  low- 
dose-rate  irradiation,  a  simple  prediction  method  is  proposed.  It 
combines  AVot  at  the  end  of  the  high-dose-rate  irradiation  with 
AVii  at  the  end  of  the  100®C-anneal.  By  adding  these  two  values, 
the  threshold-voltage  shift  of  power  MOSFETs  in  a  low-dose- 
rate  radiation  environment  can  be  estimated.  Additional  testing 
is  required  to  determine  the  £q)plicability  of  this  method  to  other 
device  types  and  technologies. 
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Several  researchers  [13-15]  have  discussed  modifications  of 
Method  1019.4  for  hardness  assurance  in  space  environments. 
This  test  method  is  only  intended  as  a  pass/fail  method.  How¬ 
ever,  the  procedure  does  provide  an  estimate  of  a  worst-case 
response  at  low  dose  rates,  if  the  devices  exhibit  significant 
rebound  effects.  The  main  test  sequence  for  Method  1019.4  is: 

a)  Irradiate  devices  in  a  Co-60  source  under  worst-case  bias 
condition  to  the  specified  dose  at  a  dose  rate  of  50-300 
rad(Si)/s. 

b)  Remove  bias.  Maintain  zero  bias  between  irradiation  and 
test 

c)  Complete  functional  and  parametric  test  within  2  hours  after 
irradiation. 

d)  If  the  devices  pass  all  tests  in  (c),  irradiate  the  devices  again 
under  the  conations  of  (a)  to  an  additional  dose  equal  to  0.5- 
times  the  specified  dose.  This  step  may  be  omitted  if  the 
devices  do  not  show  significant  rebound  charactenstics. 

e)  Bake  the  devices  at  worst-case  static  bias  for  168  ±  12 
hours  at  100®C  ±  5'’C,  or  under  conditions  that  have  been 
demonstrated  in  characterization  tests  to  cause  equal  or 
greater  degradation  in  the  parameter(s)  of  interest  (e.g. 
speed,  timing,  and/or  output  drive). 

f)  Repeat  the  test  of  (c). 
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The  effects  of  radiation-induced  interface-trapped  charge  and  oxide-trapped  charge  on  the 
inversion-layer  hole  mobility  in  /^-channel  double-diffused  metal-oxide-semiconductor  power 
transistors  at  300  and  77  K  are  investigated.  The  mobility  degradation  is  more  pronounced  at  77 
K  than  at  300  K,  due  to  increased  imporUnce  of  Coulomb  scattering  from  trapped  charge  when 
phonon  scattering  is  significantly  reduced.  The  mobility  degradation  is  primarily  due  to 
interface-trapped  charge,  but  the  effects  of  oxide-trapped  charge  must  be  taken  into  account  in 
order  to  properly  describe  the  mobility  behavior,  particularly  at  cryogenic  temperatures. 


I.  INTRODUCTION 

Modeling  of  carrier  mobility  in  inversion  layers  of 
metal-oxide-semiconductor  field-effect  transistors  (MOS- 
FETs)  is  important  for  simulating  device  performance  un¬ 
der  normal  operating  conditions,  as  well  as  under  stress. 
Most  of  the  research  efforts  aimed  at  understanding  the 
mechanisms  determining  the  inversion  layer  (channel) 
mobility  have  been  directed  either  toward  modeling  its  de¬ 
pendence  on  the  surface  electric  field  or  toward  elucidating 
the  mobility  degradation  due  to  interfacial  charges  (oxide- 
trapped  charge  and  interface-trapped  charge). 

Significant  improvements  of  the  on  resistance,  thermal 
conductance,  switching  speed,  and  switching  efficiency  of 
power  MOSFETs  at  low  temperatures  have  recently  been 
reported.  ‘  The  beneficial  effects  of  cryogenic  operation  are 
due  largely  to  increased  mobility  at  low  temperatures.  This 
article  investigates  the  effects  of  ionizing-radiation-induccd 
interfacial  charges  on  the  channel  carrier  mobility  in 
p-channel  double-diffused  metai-oxide-semiconductor 
(DMOS)  power  transistors  at  room  temperature  and  at  77 
K.  Preliminary  results  were  presented  at  the  Radiation  and 
its  Effects  on  Devices  and  Systems  (RADECS)’91  confer¬ 
ence^  and  the  effects  of  the  oxide-trapped  charge  were  dis¬ 
cussed  in  letter  format.^  This  article  provides  a  more  com¬ 
plete  exposition  of  the  experimental  results  and  the 
resulting  analysis. 

II.  EXPERIMENT 

The  devices  used  in  this  study  were  nonhardened 
IRF9130  /7-channel  power  MOSFETs  manufactured  by 
Harris  Semiconductor.  The  irradiations  were  performed  in 
a  G>60  source.  The  dose  rate  was  15  rad(Si)/min.  The 
gates  of  the  transistors  were  biased  at  -1-9  V  during  both 
the  radiation  exposure  and  a  subsequent  anneal.  The 
sources  and  drains  were  grounded  throughout  the  irradia¬ 
tion  and  anneal.  The  irradiation  and  anneal  were  per¬ 
formed  at  room  temperature,  while  the  electrical  charac¬ 
terization  was  performed  at  both  room  temperature  and  77 
K.  Measurements  at  the  two  temperatures  allow  for  a  com- 
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parison  between  effects  of  a  given  density  of  radiation- 
induced  defects  (oxide  charge  and  interface  traps)  on  in¬ 
version  layer  mobility  at  these  two  temperatures.  The 
electrical  characterization  included  threshold  voltage  mea¬ 
surements  and  subthreshold  drain-current  measurements. 
The  threshold  voltage  was  defined  as  the  intercept  of  the 
extrapolated  Vl^zjsatl  vs  Vq  plot  with  the  voltage  axis,  as 
modeled  by  the  following  equation: 

\iD,.A='^^^yc-yT)\  (1) 

where  is  the  magnitude  of  the  drain  current  in 

saturation,  /t  is  the  effective  hole  mobility  in  the  channel, 
W  is  the  channel  width,  is  the  oxide  capacitance  per 
unit  area,  L  is  the  channel  length,  Vq  is  the  gate  voltage, 
and  Vx  is  the  threshold  voltage.  The  slope  of  the 
i  vs  Vq  characteristic  is  proportional  to  for 
small  This  slope  was  used  to  determine  the 

ratio  where  /Xq  is  the  preirradiation  value  of  the  hole 
mobility  in  the  channel. 

III.  MOBILITY  DEGRADATION  AT  300  AND  77  K 

Figure  1  illustrates  the  behavior  of  a  DMOS  transistor 
representative  of  the  devices  used  in  this  study  during  ir¬ 
radiation  (closed  symbols)  and  anneal  (open  symbols). 
Figure  1(a)  shows  the  radiation-induced  threshold  voltage 
shifts  at  room  temperature,  as  well  as  the  contributions  of 
the  oxide  charge  (AF^j)  and  charged  interface  traps 
(A Fit)  to  threshold  voltage  shifts.  The  gate  bias  was 
positive  (  Vq^  -f  9  V)  during  both  irradiation  and  anneal. 
In  p-channel  MOSFETs,  both  the  oxide-trapped  charge 
and  the  charged  interface  traps  are  positive,  which  gives 
rise  to  negative  threshold  voltage  shifts 
-h  AFjt).  Note  that  the  density  of  radiation-induced  oxide- 
trapped  charge  was  considerably  larger  than  the  density 
of  radiation-induced  interface-trapped  charge 
( lAKo,!  >  |AKj,|).  During  irradiation,  |AKo,|,  |AF^„|, 
and  I A  Fj-I  increase  approximately  in  a  linear  fashion  with 
total  dose.  Therefore,  there  is  an  approximately  linear  re¬ 
lationship  between  the  density  of  oxide-trapped  charge 
AA’ot  ( defined  as  AA^o*  =  i  A  J  where  ^=1.6 

XlO^*^  C  is  the  electron  charge)  and  the  density  of 
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FIG.  1.  (a)  Radiation-induced  threshold  voltage  shifts  and  con¬ 

tributions  of  oxide  charges  (AI'o,)  and  interface  traps  (AK„)  to  the 
threshold  voltage  shifts,  and  (b)  normalized  mobility  during  irradiation 
(closed  symbols)  and  anneal  (open  symbols).  The  mobilities  are  normal¬ 
ized  by  the  corresponding  preirradiation  values.  The  gate  bias  was  posi¬ 
tive  ( F^j;=-|-9  V)  during  both  irradiation  and  anneal. 

interface-trappcd  charge  (defined  as 

=  I  during  irradiation.  (Note  that  AiV^j  is  not 

a  spatial  charge  density,  but  an  effective  oxide-trapped 
charge  density — projected  to  the  interface — in  units 
cm”^.)  During  the  anneal,  the  density  of  oxide-trapped 
charge  decreases,  while  the  density  of  interface-trapped 
charge  increases. 

The  subthreshold  charge  separation  technique  pro¬ 
posed  by  McWhorter  and  Winokur"^  was  used  to  determine 
A  Fqj  and  A  Note  that  this  charge  separation  technique 
was  used  for  room-temperature  data  only.  The  nonlinear¬ 
ities  of  the  subthreshold  characteristic  observed  at  77  K 
adversely  affect  the  reliability  of  this  technique  at  cryogenic 
temperatures.  In  order  to  determine  the  densities  of  oxide- 
trapped  charge  AiV^^  and  interface-trapped  charge  A/V|j  at 
77  K,  we  assumed  that  the  contribution  of  the  oxide  charge 
(AF<,t)  to  the  threshold  voltage  shift  is  the  same  at  room 
temperature  and  at  77  K.  The  contribution  of  charged  in¬ 
terface  traps  (Al^if)  at  77  K  was  then  determined  by  sub¬ 
tracting  the  room-temperature  AJ^q^  from  AK/-  measured 
at  77  K. 

Figure  1(b)  illustrates  the  radiation-induced  normal¬ 
ized  mobility  degradation  at  room  temperature  and  at  77 
K.  The  mobilities  are  normalized  by  the  corresponding 
preirradiation  values  at  either  temperature  [300  K  mobility 
is  normalized  by  (3(30  K),  and  77  K  mobility  is  nor¬ 
malized  by  fj,Q  (77  K)].  Obviously,  the  hole  mobility  de- 
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FIG.  2.  Normalized  mobilities  at  3(X)  and  77  K  during  irradiation  (closed 
symbols)  and  anneal  (open  symbols).  The  mobilities  were  normalized  by 
the  preirradiation  value  at  300  K. 


creases  with  increasing  dose  at  both  temperatures  and  it 
continues  to  decrease  during  anneal.  Note,  however,  that 
mobility  at  77  K  degrades  more  than  the  room- 
temperature  mobility.  This  enhanced  mobility  degradation 
at  77  K  can  be  explained  by  a  reduction  in  phonon  scat¬ 
tering  at  that  temperature,  which  makes  the  low- 
temperature  mobility  very  sensitive  to  Coulomb  scattering 
from  ionized  impurity  atoms  in  the  channel  and  from  in¬ 
terfacial  charges  introduced  by  radiation.  Therefore,  the 
relative  importance  of  scattering  from  interfacial  charges  is 
larger  at  77  K,  which  results  in  more  serious  mobility  deg¬ 
radation  than  at  room  temperature. 

It  should  be  noted  that  the  mobility  at  77  K  remains 
higher  than  the  mobility  at  300  K,  even  after  ionizing- 
radiation  exposure.  This  is  illustrated  in  Fig.  2,  where  the 
data  from  Fig.  1(b)  are  replotted  using  the  preirradiation 
room-temperature  mobility  /Xq  (300  K)  as  the  normaliza¬ 
tion  constant.  The  preirradiation  mobility  at  77  K  is  72% 
higher  than  the  preirradiation  mobility  at  room  tempera¬ 
ture.  Due  to  more  pronounced  mobility  degradation  at  77 
K,  that  difference  is  about  59%  at  the  dose  of  16  krad(Si), 
and  is  further  reduced  to  52%  after  640  h  of  positive  gate- 
bias  anneal. 

In  order  to  understand  the  experimentally  observed 
enhanced  mobility  degradation  at  77  K,  the  temperature 
dependences  of  different  scattering  mechanisms  need  to  be 
considered.  The  mobility  /x  may,  in  accordance  with  Mat- 
thiessen’s  rule,  be  expressed  as 

111 

__  _j_  ^  ^2) 

M  Mo  MIC 

where  /Xjc  is  the  mobility  limited  by  the  Coulomb  scatter¬ 
ing  from  the  interfacial  charges  introduced  by  ionizing  ra¬ 
diation.  This  mobility  is  inversely  proportional  to  the  ef¬ 
fective  interfacial  charge  density,  which  is,  in  a  general 
case,  a  linear  combination  of  the  oxide-trapped  charge  and 
interface-trapped  charge.  The  preirradiation  mobility  may 
be  written  as 

1  I  1 

='  -j-  ,  (3) 

Mo  Mil  Mi 
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where  /Un  and  are  the  ionized-impurity-scattenng- 
limited  mobility  and  phonon  (lattice) -scattering-limited 
mobility,  respectively.  [The  effective  mobility  in  the  satu¬ 
ration  region  is  measured  at  low  ( Vj)^  which  results 
in  low  effective  transverse  electric  fields,  so  that  surface 
roughness  scattering  can  be  neglected.]  Multiplying  Eq. 
(2)  by  fiQ  results  in 

(4) 

M  Mic 

Thus,  the  extent  of  mobility  degradation  at  a  given 
temperature  for  a  given  density  of  radiation-induced  inter- 
facial  charges  depends  on  the  value  of  the  second  term  on 
the  right-hand  side  of  Eq.  (4);  the  larger  the  /io/^io 
larger  the  mobility  degradation  will  be.  The  preirradiation 
mobility  at  77  K  is  larger  than  the  preirradiation  mobility 
at  300  K  [/xq  (77  K)  >/io  (300  K)],  because  the  phonon 
scattering  is  significantly  reduced  at  77  K,  resulting  in 
large  /x^  and,  according  to  Eq.  (3),  large  /xq  (77  K).  This 
point  is  clearly  illustrated  in  Fig.  2.  In  addition,  the  mo¬ 
bility  limited  by  Coulomb  scattering  from  the  (radiation- 
induced)  interfacial  charges  is  proportional  to  a  positive 
power  of  the  temperature.^  This  means  that  /Xjc  (77  K) 
</Xic  (300  K).  Therefore, 

/xo(77  K)  ^  ^(300  K) 

Mic(77  K)^/xic(300  K)  • 

According  to  Eqs.  (4)  and  (5),  the  relative  mobility  deg¬ 
radation  is  expected  to  be  more  pronounced  at  77  K,  which 
is  in  agreement  with  the  experimental  results  presented  in 
Figs.  1  and  2. 

IV.  MODELING  RADIATION-INDUCED  MOBILITY 
DEGRADATION 

The  most  commonly  used  empirical  expression  model¬ 
ing  radiation-induced  inversion-layer  mobility  degradation 
was  provided  by  Galloway  et  aL^  based  on  a  modification 
of  the  expression  introduced  by  Sun  and  Plummer:^ 

/X  1 

-=T— — (6) 

/xo  l-haitAiVit 

where  a,j  is  the  parameter  describing  the  effect  of  interface- 
trapped  charge  on  mobility.  Equation  (6)  implies  that 
interface-trapped  charge  is  the  primary  contributor  to  mo¬ 
bility  degradation,  while  the  contribution  of  oxide-trapped 
charge  is  negligible.  This  model  has  been  successfully  ap¬ 
plied  to  describe  radiation-induced  mobility  degradation  in 
both  n-  and  ^-channel  integrated-circuit  (low-power) 
MOSFETs,^’*  as  well  as  in  ^-channel  power  MOSFETs.’ 
In  all  cases,  the  negligible  effect  of  oxide-trapped  charge 
was  demonstrated  by  an  apparent  absence  of  correlation 
between  (/xZ/xq)  and 

The  data  presented  in  Fig.  1  indicate  that  interface- 
trapped  charge  plays  a  dominant  role  in  radiation-induced 
mobility  degradation  in  the  /^-channel  DMOS  transistors 
used  in  this  study.  Namely,  the  interface-trapped  charge 
density  increases  and  the  mobility  decreases  during  anneal. 
On  the  other  hand,  the  density  of  oxide-trapped  charge 
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FIG.  3.  Radiation -induced  mobility  degradation  as  a  function  of  oxide- 
trapped  charge  density  at  300  K  during  irradiation  (closed  symbols)  and 
anneal  (open  symbols).  The  gate  bias  was  positive  ( -I-9  V)  dunng 
both  irradiation  and  anneal. 


decreases  during  this  anneal.  Thus,  no  correlation  between 
(/xZ/Xq)  and  is  apparent  in  these  data.  This  is  further 
illustrated  in  Figs.  3  and  4.  The  data  presented  were  ob¬ 
tained  by  irradiating  two  groups  of  devices;  one  group 

a.t  A  Nit 

0.0  0.5  1.0  1,5 


Oix  ANit 


0.0  0.5  1.0  1.5  2.0  2.5  3.0 


FIG.  4.  Normalized  mobility  degradation  during  irradiation  (closed  sym¬ 
bols)  and  anneal  (open  symbols)  in  channel  power  MOSFETs  as  a 
function  of  interface-trapped  charge  density;  (a)  at  room  temperature, 
and  (b)  at  77  K.  The  curves  are  the  plots  of  £q.  (6)  for  a„  =  9.0x  10” 
cm^  [(a)],  and  for  a„=15.7x  10”*^  cm*  [(b)].  The  top  x  axis  shows  the 
values  of  the  dimensionless  product  a„AAfi,. 
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FIG.  5.  Radiation-induced  oxide-trapped  charge  density  vs 

radiation-induced  interface-trapped  charge  density 


(four  devices)  was  irradiated  up  to  a  total  dose  of  16 
krad(Si),  while  the  second  group  (three  devices)  was  ir¬ 
radiated  up  to  26  krad(Si).  The  gate  bias  was  positive 
( ^(;=  -1-9  V)  during  both  irradiation  and  anneal.  Figure  3 
displays  the  hole  mobility  degradation  (/i/^o)  at  300  K  as 
a  function  of  the  radiation-induced  oxide- trapped  charge 
density  A  comparison  with  Fig.  4(a),  which  illus¬ 
trates  the  hole  mobility  degradation  (/iZ/xq)  at  300  K  as  a 
function  of  the  radiation-induced  interface-trapped  charge 
AiVit,  clearly  demonstrates  the  dominant  role  of  interface- 
trapped  charge  in  radiation-induced  mobility  degradation. 
Note,  however,  that  this  may  be  established  only  by  exam¬ 
ining  both  radiation  and  anneal  data.  The  dominant  role  of 
interface-trapped  charge  is  not  apparent  if  only  the  irradi¬ 
ation  data  arc  considered.  As  mentioned  in  Sec.  Ill,  there 
is  an  approximately  linear  relationship  between  the  density 
of  oxide-trapped  charge  and  the  density  of  interface- 
trapped  charge  during  irradiation,  which  is  shown  in 
Fig.  5.  Thus,  an  expression  analogous  to  Eq.  (6)  could 
conceivably  be  used  to  describe  the  radiation-induced  mo¬ 
bility  degradation  as  a  function  of  oxide-trapped  charge 
density  During  anneal,  a  different  functional  rela¬ 
tionship  between  AATo^  and  exists,  which  allows 

interface-trapped  charge  to  be  identified  as  the  primary 
contributor  to  mobility  degradation. 

The  dominant  role  of  interface-trapped  charge  in  mo¬ 
bility  degradation  suggests  that  Eq.  (6)  may  be  expected  to 
adequately  describe  the  mobility  data  presented  in  Fig.  4. 
A  fitting  program  STEPIT^®  was  used  to  determine  the  co- 
efiicient  from  Eq.  (6)  using  the  irradiation  data  (closed 
symbols)  presented  in  Fig.  4.  The  values  obtained  for 
were  9.0xl0~*^  cm^  for  room  temperature  and  15.7 
X  10^^^  cm^  for  77  K.  The  lines  shown  on  Fig,  4  represent 
plots  of  Eq.  (6)  for  these  values  of  ajj.  It  is  obvious  that 
Eq.  (6)  docs  not  adequately  describe  the  experimental 
data.  The  anneal  data  (open  symbols)  at  both  temp)cra- 
tures  clearly  cannot  be  modeled  using  the  coefficient  values 
obtained  by  fitting  Eq.  (6)  to  the  irradiation  data  only. 
Note  that  using  both  the  irradiation  and  the  anneal  data 
results  in  different  values  of  coefficients,  but  the  quality  of 
fit  docs  not  improve  since  the  data  cannot  be  described  by 
a  single  hyperbola.  The  disagreement  between  the  model 


FIG.  6.  The  reciprocal  of  the  normalized  mobility  as  a  function  of 
radiation-induced  interface- trapped  charge  density  AiVj,  (a)  at  room  tem¬ 
perature,  and  (b)  at  77  K. 


and  the  experiment  is  particularly  pronounced  for  low- 
temperature  mobility  data  (Fig.  4(b)]. 

The  reasons  for  the  inadequacy  of  Eq,  (6)  may  be 
better  understood  if  the  data  presented  in  Fig.  4  are  plotted 
as  the  reciprocal  of  the  normalized  mobility  (/xZ/Xq)”'  vs 
AiVjj  (Fig.  6).  Equation  (6)  predicts  a  linear  dependence 
of  (/xZ^)“*  on  AiV|j.  Also,  based  on  Eq.  (6)  we  have 


d 


(7) 


A  well-defined  linear  dependence  is  indeed  observed  for 
AA/'it>2X  10*°  cm"^  [room-temperature  irradiation  data — 
closed  symbols  in  Fig.  6(a)],  but  in  contrast  to  Eq.  (6),  the 
^'-axis  intercept  of  such  a  line  is  larger  than  unity.  Conse¬ 
quently,  the  slope  of  the  (|xZ/Xo)”‘  vs  AA^jt  characteristic  is 
larger  at  low  interface-trapped  charge  densities  (for 
AA/'i(<2x  10*°  cm“^)  than  at  higher  densities,  which  ac¬ 
cording  to  Eq.  (7)  mdicates  that  is  larger  at  low 
interface-trapped  charge  densities.  As  shown  below,  this 
can  be  explained  by  a  significant  contribution  of  oxide- 
trapped  charge  to  mobility  degradation  during  the  initial 
slow  buildup  of  interface  traps.  This  initial  slow  buildup  of 
interface  traps  is  also  apparent  in  Fig.  5  for  AiV|j<2x  10*° 
cm“^.  An  even  larger  j^-axis  intercept  is  obtained  for  low- 
temperature  data  [Fig.  6(b)],  which  indicates  that  the  con¬ 
tribution  of  oxide-trapped  charge  to  radiation-induced  mo¬ 
bility  degradation  is  more  pronounced  at  77  K  than  at 
room  temperature. 
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The  increased  contnbution  of  oxide-trapped  charge  to 
radiation-induced  mobility  degradation  at  cryogenic  tem¬ 
peratures  can  also  be  inferred  from  the  data  presented  in 
Fig.  1.  The  density  of  oxide  trapped  charge  slightly  in¬ 
creases  (i.e.,  I  AFo,|  increases)  during  the  first  several  tens 
of  hours  of  room-temperature  anneal,  and  then  monoton- 
ically  decreases  for  the  rest  of  the  anneal  time.  This  small 
increase  in  the  oxide-trapped  charge  results  in  a  large  low- 
temperature  mobility  degradation,  and  only  a  moderate 
decrease  in  room-temperature  mobility  during  the  first  100 
h  of  anneal.  , 

V.  CONTRIBUTION  OF  OXIDE-TRAPPED  CHARGE  TO 
MOBILITY  DEGRADATION 

In  order  to  properly  model  the  mobility  data  presented 
in  Fig.  4,  the  effects  of  oxide-trapped  charge  must  be  taken 
into  account.  Thus,  Eq.  (6)  must  be  generalized  to  include 
a  term  describing  the  contribution  of  oxide-trapped  charge 
to  radiation-induced  mobility  degradation.  The  approach 
to  modeling  mobility  when  significant  densities  of  both  ox¬ 
ide  fixed  charge  and  interface  traps  are  present,  suggested 
in  a  classic  paper  by  Sun  and  Plummer,^  is  to  use  the  sum 
of  these  two  densities  in  an  expression  analogous  to  Eq. 
(6).  In  the  case  of  radiation-induced  oxide-trapped  charge 
and  interface-trapped  charge,  that  approach  would  imply 
that  the  same  coefficient  a  should  be  used  to  describe  the 
effects  of  both  AA^ot  and  AA^u,  which  counters  the  well- 
esublished  fact  that  the  interface-trapped  charge  plays  the 
dominant  role  in  mobility  degradation.  Thus,  we  believe 
that  a  linear  combination  of  AAf j,  and  AAf q,  should  be  used 
instead  of  aiiAA^i,,  with  the  coefficient  describing  the  effect 
of  interface-trapped  charge  larger  than  that  for  oxide- 
trapped  charge.  Such  an  expression  has  been  proposed  by 
Dimitrijev  et 


/ifl  1  -t-  Oit  AA^ it  "b  Ulot  AA^ot 

The  values  of  the  coefficients  and  a,,,  can  be  found 
by  considering  (^/Mo)  as  a  function  of  two  variables  AA^it 
and  AN„.  Data  fitting  using  STEPIt‘°  yields  a;,  =  3.9 
X 10“ cm^  and  ao,=0.7x  10“*^  cm^  for  the  300  K  data 
and  aj,=  3.4x  10“‘^  cm^  and  ao,=  1.3X  10“'^  cm^  for  the 
77  K  data.  As  expected  from  the  previous  discussion,  Oj,  is 
larger  than  Og,  at  both  temperatures.  In  addition,  Oo,  is 
larger  at  77  K  than  at  room  temperature.  Figure  7  displays 
the  normalized  mobility  as  a  function  of  the  linear  combi¬ 
nation  of  AA^i,  and  AJVot-  Comparison  between  Figs.  4  and 
7  clearly  demonstrates  that  it  is  necessary  to  account  for 
the  effects  of  oxide-trapped  charge  in  order  to  properly 
model  the  radiation-induced  mobility  degradation  in  these 
devices.  Note  that  the  value  for  Ogt  found  in  Refs.  1 1  and 
12  is  negative,  indicating  that  an  increase  in  oxide-trapped 
charge  density  should  lead  to  an  increase  in  inversion-layer 
hole  mobility.  In  contrast,  the  results  presented  in  this  ar¬ 
ticle  clearly  demonstrate  that  oxide-trapped  charge  con¬ 
tributes  to  a  decrease  in  mobility  in  these  devices. 

Finally,  it  should  be  noted  that,  while  the  dominant 
role  of  interface  traps  in  radiation-induced  mobility  degra- 
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FIG.  7.  Normalized  mobility  degradation  during  irradiation  (closed  sym¬ 
bols)  and  anneal  (open  symbols)  in  p-channel  power  MOSFETs  as  a 
function  of  the  linear  combination  a^,K\„  +  a„^N„:  (a)  at  room  tem¬ 
perature,  and  (b)  at  77  K.  The  curves  are  the  plots  of  Eq.  (8)  for 
a„  =  3.9xlO-'^  cm^  and  a„=0.7xl0-'^  cm=  [(a)],  and  for  a„  =  3  4 
XlO"'^  cm^  and  a„  =  1.3xl0"'^  cm^  [(b)]. 

dation  is  widely  recognized,  other  researchers  have  noted 
the  effects  of  oxide-trapped  charge.  In  particular,  McLean 
and  Boesch'^  have  shown  that  at  early  times  following 
pulsed  radiation,  the  effect  of  oxide-trapped  charge  may  be 
dominant.  In  addition,  based  on  the  mobility  data  taken  on 
integrated-circuit  MOSFETs  irradiated  at  cryogenic  tem¬ 
peratures,  the  increased  contribution  of  oxide-trapped 
charge  to  mobility  degradation  at  low  temperatures  has 
been  demonstrated  by  McLean  and  Boesch'^  in  n-channel 
devices,  while  Saks  et  al'*  have  shown  that  mobility  in 
p-channel  devices  is  degraded  even  though  no  interface 
traps  are  formed  at  the  low  irradiation  temperature.  These 
findings  are  in  agreement  with  the  results  of  the  present 
study,  which  are  obtained  by  irradiating  devices  at  room 
temperature,  and  characterizing  mobility  degradation  at 
both  room  temperature  and  77  K. 

VI.  CONCLUSIONS 

Radiation-induced  mobility  degradation  in  p-channel 
MOSFETs  at  room  temperature  and  77  K  has  been  inves¬ 
tigated.  The  mobility  degradation  for  given  densities  of 
radiation-induced  defects  is  more  pronounced  at  77  K  than 
at  room  temperature,  due  primarily  to  an  increase  in  the 
relative  importance  of  Coulomb  scattering  from  the  oxide- 
trapped  charge.  In  accordance  with  previously  published 
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results,  interface  traps  play  the  dominant  role  in  radiation- 
induced  mobility  degradation.  However,  in  this  article,  and 
related  studies, we  have  demonstrated  that  the  effects  of 
oxide  charges  cannot  be  neglected  if  the  density  of  oxide- 
trapped  charge  is  large,  which  is  normally  the  case  in  non- 
hardened  MOSFETs.  The  eflfects  of  oxide-trapped  charge 
are  shown  to  be  more  important  at  77  K  than  at  room 
temperature. 
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Abstract — The  hump  in  the  leakage  current  of  double-diffused 
metal-oxide-semiconductor  (DMOS)  transistors  observed  for  low 
drain  voltages  is  explained.  This  hump  is  due  to  surface  genera¬ 
tion  current  of  the  gate-controlled  diode  formed  by  the  base-drain 
p-n  junction.  The  drain  bias  of  the  DMOS  transistor  is  shown  to 
have  the  same  effect  on  the  charge  at  the  drain  surface  as  the 
body  bias  in  the  conventional  MOSFET.  The  body  effect  is  used 
to  develop  a  new  method  for  determining  the  drain  doping  in 
DMOS  transistors.  This  method  is  nondestructive,  and  does  not 
require  special  test  structures.  Instead,  electrical  measurements 
are  performed  on  conventional  DMOS  transistors.  The  method 
is  ideally  suited  for  determining  the  doping  in  the  drain  region 
of  interest.  Specifically,  in  DMOS  transistors  in  which  a  surface 
implant  is  used  to  reduce  the  on-resistance,  the  method  provides 
the  doping  concentration  in  the  implanted  region.  In  DMOS 
transistors  which  do  not  have  the  surface  implant,  the  method 
yields  the  doping  concentration  in  the  drain  epitaxial  layer.  In 
this  study,  the  method  is  illustrated  by  determining  the  drain 
doping  for  six  discrete  power  MOSFET  device  types  from  three 
different  manufacturers. 

I.  INTRODUCTION 

The  double-diffused  metal-oxide-semiconductor  (DMOS) 
structure  is  widely  used  in  discrete  power  MOSFET’s 
and  in  power  integrated  circuits.  High  voltage  capability  is 
achieved  by  using  a  lightly  doped  drain  drift  region  which  also 
minimizes  channel-length  modulation.  High  current  capability 
is  obtained  by  connecting  many  DMOS  cells  in  parallel. 
Fig.  1(a)  shows  the  cross  section  of  two  adjacent  cells  of 
an  n-channel  DMOS  transistor.  The  operation  of  the  DMOS 
transistor  biased  with  gate  voltages  above  the  threshold  voltage 
(on-state)  is  well  understood.  Even  though  typical  channel 
lengths  are  of  the  order  of  1  ^m,  the  absence  of  channel- 
length  modulation  allows  application  of  the  long-channel 
MOSFET  theory  to  modeling  of  the  drain  current  [1],  [2]. 
More  complex  analytical  [3]  and  seminumerical  [4]  models 
have  been  developed  to  account  for  effects  specific  to  DMOS 
transistors  operated  under  high  current  densities  and  high 
voltages,  such  as  local  heating,  large  voltage  drop  in  the  drift 
region,  mobility  degradation  at  high  dram  voltages,  etc.  On  the 
other  hand,  no  significant  effort  has  been  made  to  understand 
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and  model  currents  flowing  through  a  DMOS  transistor  biased 
with  gate  voltages  below  the  threshold  voltage.  In  particular, 
the  leakage  current  observed  for  zero  gate  voltage  (off-state) 
is  believed  to  be  due  to  the  reverse-biased  p-n  Junction  formed 
by  the  base  region  and  the  drain  drift  region.  As  long  as  this 
current  remains  within  the  manufacturer-specified  limits,  little 
attention  is  paid  to  its  exact  physical  origins  and  its  dependence 
on  the  bias  voltages.  In  this  study,  the  low-current  operation 
of  DMOS  transistors  biased  with  gate  voltages  below  the 
threshold  voltage  is  investigated.  In  particular,  the  “hump'’ 
in  the  leakage  current  observed  for  low  drain  voltages  is 
explained.  Fig.  1(b)  displays  the  current-voltage  characteristic 
of  a  typical  IRF440  power  MOSFET,  and  defines  some  terms 
which  are  used  fr.  .  -ently  later.  The  inset  shows  a  magnified 
view  of  the  hump.  Note  that  the  hump  w'as  first  observed 
and  qualitatively  explained  recently,  in  a  study  on  effects  of 
electrostatic  discharge  on  power  MOSFET's  [5].  The  present 
study  provides  a  detailed  quantitative  analysis  based  on  the 
gate-controlled  diode  theory.  The  drain  bias  of  the  DMOS 
transistor  is  shown  to  have  the  same  effect  on  the  charge 
at  the  drain  surface  as  the  body  bias  in  the  conventional 
MOSFET.  The  body  effect  is  used  to  develop  a  new  method 
for  determining  the  drain  doping  in  DMOS  transistors.  This 
method  is  nondestructive,  and  does  not  require  special  test 
structures.  Instead,  electrical  measurements  are  performed  on 
conventional  DMOS  transistors.  The  method  is  ideally  suited 
for  determining  the  doping  in  the  drain  region  of  interest. 
Specifically,  in  DMOS  transistors  in  which  a  surface  implant 
is  used  to  reduce  the  on-resistance,  the  method  provides 
the  doping  concentration  in  the  implanted  region.  In  DMOS 
transistors  which  do  not  have  the  surface  implant,  the  method 
yields  the  doping  concentration  in  the  drain  epitaxial  layer.  In 
this  study,  the  method  is  illustrated  by  determining  the  drain 
doping  for  six  discrete  power  MOSFET  device  types  from 
three  different  manufacturers. 

II.  Theory 

A.  Gate-Controlled  Diode 

The  gate-controlled  diode  theory  was  developed  by  Grove 
and  Fitzgerald  [6],  [7],  and  appended  by  Pierret  [8].  A  shon 
description  of  the  gate-controlled  diode  operation  is  given 
below.  Fig.  2  shows  the  gate -control  led  diode  structure  and 
the  corresponding  qualitative  diode  current  versus  gate  voltage 
characteristic  for  a  fixed  positive  voltage  Vd’  A  positive 
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Vs  =  0  Vq 


Gate  Voltage  [V] 

(b) 


Fig.  1.  (a)  Cross  section  of  the  DMOS  structure,  (b)  Drain  current  as  a 
function  of  the  gate  voltage  for  a  fixed  drain  voltage  (I'd  =0.1  V)  for  an 
IRF440  power  MOSFET.  The  inset  shows  the  magnified  view  of  the  hump. 

Vp  reverse  biases  the  p-n  junction.  The  diode  reverse  cur¬ 
rent  at  room  temperature  is  predominantly  due  to  Shock- 
!ey-Read-Hall  generation  [9].  The  magnitude  of  the  current 
depends  on  the  number  of  recombination-generation  centers 
contained  within  the  depletion  region(s).  These  recombination- 
generation  centers  may  be  located  in  the  silicon  bulk  or  at 
the  silicon  surface  (silicon-silicon  dioxide  interface).  For  a 
sufficiently  positive  gate  voltage,  the  silicon  surface  under 
the  gate  is  accumulated  and  only  those  bulk  recombination- 
generation  centers  which  are  within  the  p-n  junction  depletion 
region  contribute  to  the  generation  current.  On  the  other 
hand,  when  the  gate  voltage  is  sufficiently  negative,  the 
silicon  surface  under  the  gate  is  strongly  inverted.  Now, 
there  is  a  field-induced  surface  depletion  region  in  the  lightly 
doped  n-region  in  addition  to  the  depletion  region  of  the 
p-n  junction.  The  number  of  bulk  recombination-generation 
centers  enclosed  by  these  two  depletion  regions  is  larger  than 
that  in  the  case  of  accumulation.  Consequently,  the  reverse 
current  is  larger  when  the  surface  is  inverted  than  when  the 
surface  is  accumulated.  When  the  silicon  surface  under  the 
gate  is  depleted,  surface  recombination-generation  centers  add 
another  component  to  the  reverse  diode  current.  As  a  result, 
the  maximum  reverse  current  is  observed  at  gate  voltages  for 
which  the  silicon  surface  under  the  gate  is  depleted. 

B.  DMOS  Structure--A  Gate -Controlled  Diode  in  Disguise 

Fig.  1(a)  shows  the  cross  section  of  an  n-channel  vertical 
DMOS  transistor.  During  normal  device  operation,  a  positive 
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Fig.  2.  (a)  Cross  section  of  the  gate-controlled  diode  structure,  (b)  Qualita¬ 

tive  diode  current-gate  voltage  characteristic  of  the  gate-controlled  diode  for 
a  fixed  positive  voltage  (After  Grove  and  Fitzgerald  [6},  [7].) 

drain-to-source  voltage  results  in  electron  flow  from  the  source 
to  the  drain  if  a  sufficiently  positive  gate-to-source  voltage  is 
applied.  In  all  the  measurements  reported  in  this  study,  the 
source  terminal  was  grounded  (V5  =  0).  Consequently,  the 
gaie-to-source  voltage  Vqs  ^Vc-Vs  equals  the  gate  voltage 
Vcy  and  the  drain-to-source  voltage  V^s  =  Vx)-Vs  equals  the 
drain  voltage  V^.  By  convention,  the  drain  current  is  positive 
when  it  flows  into  the  drain  terminal. 

Even  though  the  DMOS  structure  is  more  complex  than 
the  gate-controlled  diode,  the  latter  structure  can  easily  be 
recognized  in  Fig.  1(a).  The  P-base  and  the  lightly  doped  N 
drain  drift  region  forrh  a  p-n  junction  which  is  controlled  by 
the  polysilicon  gate.  To  complete  the  analogy  with  the  gate- 
controlled  diode  shown  in  Fig.  2(a),  the  source  and  the  P-base 
of  a  DMOS  transistor  are  shorted  internal  to  the  device  by  the 
source  metallization.  This  results  in  a  three-terminal  device 
which  is  equivalent  to  the  gate-controlled  diode  when  the  gate 
bias  is  not  sufficiently  positive  to  induce  a  conductive  channel 
between  the  source  and  the  drain.  Note  that  the  presence  of 
the  heavily  doped  source  is  essential  for  operation  of  the 

DMOS  transistor,  but  it  does  not  affect  the  properties  of  the 
gate-controlled  diode  formed  by  the  P-base  and  the  drain  drift 
region. 

C.  Relationship  Between  Surface  Potential  in  the 
Drain  Drift  Region  and  Gate  Voltage 

The  properties  of  the  drain  drift  region  (most  notably  the 
doping  level  and  the  flat-band  voltage)  determine  the  values 
of  the  gate  voltage  required  to  bring  the  silicon  surface  to  a 
given  level  of  inversion.  The  surface  potential  in  the  drain 
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is  related  to  the  gate  voltage  V'^  by  the  following  expression: 

Qs 

^GD  =  =  ^'FB  +  Vs  “  TT”  ( ^ ) 

^ox 

where  Vfb  is  the  flat-band  voltage,  Cox  is  the  gate-oxide 
capacitance  per  unit  area,  and 

Qs  =  ±F^/W^  X  !<?!., 

+  }  '(2) 

is  the  total  charge  (per  unit  area)  in  the  semiconductor  [10], 
which  is  the  sum  of  the  inversion  layer  charge  and  the  ionized 
impurity-atom  charge  in  the  depletion  region.  No  is  the  donor 
concentration  in  the  iV-drift  region.  is  the  thermal  potential 
(approximately  0.026  V  at  room  temperature),  and  (pf  is  the 
Fermi  potential  for  the  iV-drift  region,  defined  by 

(pf  =  ^<Pt  itt - 

7l{ 

where  is  the  intrinsic  electron  concentration  (1.45  x 
10^^  cm”^  at  room  temperature).  F  =  y/2^  where  q  is 
the  magnitude  of  the  electron  charge,  and  6^  is  the  silicon 
permittivity. 

Note  that  (1)  and  (2)  are  valid  in  all  regimes  (accumulation, 
depletion,  and  inversion).  The  plus  sign  in  (2)  is  used  when 
the  surface  potential  is  negative  (depletion  and  inversion),  and 
the  minus  sign  is  used  when  the  surface  potential  is  positive 
(accumulation).  When  the  drain  surface  potential  is  negative 
with  magnitude  between  several  (pt  and  \2(pF  -  Vd\  (drain 
surface  not  strongly  invened),  (2)  is  greatly  simplified.  Using 
that  simplified  (2)  in  (1)  we  obtain: 

Vq  =  VpB  +  ^5  +  ^  D  -  7  yZ-'fps  (4) 

where  7  is  the  body  effect  coefficient,  defined  by 

■y=— - .  (5) 

^OX 

D.  Experimental  Results— Drain  Current  as 
a  Function  of  Gate  Voltage 

All  the  measurements  reported  in  this  study  were  performed 
at  room  temperature  using  a  HP4145B  semiconductor  param¬ 
eter  analyzer.  In  all  of  the  measurements,  the  source  terminal 
was  grounded.  A  total  of  six  discrete  power  MOSFET  types 
from  three  different  manufacturers  were  used:  four  n-channel 
types  (IRF150  and  IRF250  manufactured  by  International 
Rectifier,  IRF130  manufactured  by  Harris  Semiconductor, 
and  IRF440  manufactured  by  Motorola),  and  two  p-channel 
types  (IRF9130  manufactured  by  Harris  Semiconductor  and 
MTM8P08  manufactured  by  Motorola). 

Fig.  3(a)  is  the  semilogarithmic  plot  of  the  drain  current 
as  a  function  of  the  gate  voltage  for  several  values  of  the 
drain  voltage  {V^  =0.1  V,  0.5  V,  1  V,  5V,  lOV,  50  V,  and 
100  V)  for  a  typical  IRF440  power  MOSFET.  Fig.  3(b)  shows 
a  magnified  view  of  the  portion  of  the  current-voltage  charac¬ 
teristics  enclosed  by  the  dotted  frame  in  Fig.  3(a).  The  leakage 
current  observed  for  negative  gate  voltages  increases  as  the 
drain  voltage  increases.  Two  distinct  regions  of  operation  in  the 


(a) 


(b) 

Fig.  3.  (a)  Semilogarithmic  plot  of  the  drain  current  as  a  function  of  the 

gate  voltage  for  several  values  of  the  drain  voltage  o  = 

I  V.  5  V,  10  V,  50  V.  and  100  V)  for  an  IRF440  power  MOSFET.  (b)  A 
masnified  view  of  the  portion  of  the  current-voltage  characteristics  enclosed 
by  the  dotted  frame  in  (a).  The  squares  denote  points  where  I'c  = 
and  =  0  (flaiband),  the  diamonds  denote  points  where  I'c  =  li,  and 

=  Of'  —  I  0  (onset  of  weak  inversion),  and  the  circles  denote  points  where 
I  c;  =  \  2.  and  t  a  =  2of—^  b  (onset  of  strong  inversion).  The  values  of  gate 
voltages  Vo,  Vi,  and  1*2  were  calculated  using  .V^  =  1.9  x  cm“^,  and 
\  f'jg  =:  —0.48  V. 

leakage  current  can  be  observed.  First,  for  large  negative  gate 
voltages  (drain  surface  strongly  inverted)  the  leakage  current 
does  not  depend  on  the  gate  voltage.  This  leakage  current 
is  due  to  the  bulk  generation  in  the  depletion  regions  and  it 
has  been  termed  the  background  leakage  in  Fig.  1(b).  Second, 
for  small  negative  gate  voltages  (drain  surface  depleted)  the 
leakage  current  depends  on  the  gate  voltage  and  a  “hump” 
is  observed.  In  this  region,  the  leakage  current  is  the  sum  of 
the  bulk-generation  component  /bg  and  the  surface-generation 
component  7sg.  When  the  gate  voltage  is  sufficiently  positive, 
the  subthreshold  conduction  begins.  In  this  region  of  operation, 
the  drain  current  is  approximately  an  exponential  function  of 
the  gate  voltage,  and  it  does  not  depend  on  the  drain  voltage. 
The  subthreshold  operation  region  is  observed  for  the  drain 
current  ranging  from  approximately  several  nanoamperes  to 
several  milliamperes.  For  larger  drain  currents,  the  above¬ 
threshold  conduction  sets  in,  where  the  logarithm  of  the  drain 
current  is  no  longer  a  linear  function  of  the  gate  voltage. 

The  leakage  current  observed  for  large  negative  gate  volt¬ 
ages  (background  leakage)  increases  as  the  drain  voltage 
increases.  This  increase  in  /bg  is  caused  by  an  increase  in 
the  width  of  the  depletion  regions,  leading  to  increased  gener- 
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ation  current  due  to  bulk  recombination-generation  centers. 
In  addition,  the  width  of  the  hump  increa.ses  as  the  drain 
voltage  is  increased.  The  effects  of  the  drain  voltage  on  the 
hump  are  discussed  in  more  detail  later.  It  should  be  noted 
here  that  for  large  drain  voltages  (above  10  V)  the  hump  is 
barely  discernible  because  the  bulk-generation  component  of 
the  leakage  current  increases  as  the  drain  voltage  is  increased, 
and  the  surface-generation  component  (responsible  for  the 
hump)  does  not  increase. 

In  Fia.  3(b)  some  significant  values  of  the  gate  voltage  (f  o. 
li,  and  V>)  are  marked  as  follows:  the  squares  denote  gate 
voltages  resulting  in  the  flat-band  condition  in  the  drain  ( V'c  = 
V'o;  (ir,  =  0);  the  diamonds  denote  the  boundary  between 
depletion  and  weak  inversion  {Vq  =  Vi,  i),  =  (pf-Vo)',  and 
the  circles  denote  the  boundary  between  weak  inversion  and 
strong  inversion  {Vg  =  Va  —  ‘2(t>F  ~  ^d)-  Quantitatively, 
setting  rps  =  0  in  (2)  results  in  Qs  =  0,  so  that  (1)  reduces  to 

V'o  =  VfB  4-  Vd  for  v),  =  0.  (6) 

Similarly,  from  (4)  we  obtain: 

Vy  =  +  Vd  for  t/;,  =  <5 r - V^d  (7) 


and 

Vn  =  VfB  +  2ct>F  -1  \/-'2(t>F  +  Kd  for  i’s  =  '24>F  -  ^D- 

(8) 

The  values  of  gate  voltages  V'o,  Vj,  and  Vo  were  calculated 
using  CoK  =  3.14  X  10-*  F  cm’^  No  =  l-'J  x  lO^-^  cm-\ 
and  =  -0.48  V.  The  oxide  capacitance  per  unit  area  was 
calculated  using  the  known  gate-oxide  thickness,  while  the 
drain  doping  and  the  hatband  voltage  were  determined  using 
a  method  which  is  described  in  Section  III. 

It  is  evident  from  Fig.  3(b)  that  the  hump  is  observed  at  gate 
voltages  for  which  the  surface  is  depleted  or  weakly  inverted. 
When  the  drain  surface  under  the  gate  is  strongly  inverted 
(to  the  left  of  the  circles),  or  accumulated  (to  the  right  of 
the  squares),  the  leakage  current  component  due  to  surface 
generation  in  the  drain  is  negligible.  Clearly,  the  contribution 
of  surface  generation  to  the  leakage  current  strongly  depends 
on  the  value  of  the  surface  potential.  This  surface-generation 
component  of  the  leakage  current  is 

Isg  =  q\Us\As  (9) 


where  Us  is  the  surface  recombination-generation  rate  per 
unit  area  and  .4^  is  the  surface  area  of  the  drain  under  the 
gate.  If  the  capture  cross  sections  for  electrons  and  holes 
are  assumed  to  be  equal  and  if  the  surface  recombination- 
generation  centers  are  assumed  to  have  a  uniform  distribution 
in  energy  throughout  the  band  gap,  the  surface  recombination- 
generation  rate  is  given  by  the  following  expression  [7]: 


Us  =  (TsVthDit 

(  r^c 


dEix 


[Jev  2ni  cosh[(Eit  -  E,)/q(pt] 

X  {UsPs  -  ^1) 


(10) 


where  is  the  capture  cross  section  of  the  surface 
recombination-generation  centers,  r,u  is  the  thermal  velocity 
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(approximately  10'  cm/s  at  room  temperature),  Du  is  the 
density  of  surface  recombination-generation  centers  (interface 
traps)  per  unit  area  and  unit  energy,  Eu  is  the  energy 
level  of  surface  recombination-generation  centers,  E,  is  the 
intrinsic  Fermi  level,  and  n,  and  p,  are  the  concentrations  of 
majority  carriers  (electrons)  and  minority  earners  (ho  es), 
respectively,  at  the  surface  of  the  drain  under  the  gate. 
Equation  (10)  is  based  on  the  Shockley-Read-Hall  theory' 
of  the  recombination-generation  processes  in  semiconductors 
[11],  [12].  The  integration  limits  are  the  top  of  the  valence 
band  Ev.  and  the  bottom  of  the  conduction  band  Ec-  The 
strong  dependence  of  the  surface  recombination-generation 
rate  on  the  surface  potential  is  due  to  the  fact  that  the  surface 
concentrations  of  electrons  and  holes  depend  exponentially 
on  i’a'. 

In  accumulation,  the  surface  concentration  of  electrons  is  large, 
and  Us  is  small.  In  strong  inversion,  the  surface  concentration 
of  holes  is  large  and,  again.  Us  is  small. 

Fig.  4  shows  the  ehergy  band  diagrams  (when  the  dram 
voltase  is  fixed  at  Vp  =  0.5  V)  for  some  significant  values 
of  the  surface  potential,  along  with  the  corresponding  dram 
current-gate  voltage  characteristic.  The  positions  of  Ey,  E., 
and  Ec°at  the  drain  surface  are  denoted  by  solid  circles. 
The  base-drain  p-n  junction  is  not  in  equilibrium  when  Vq 
is  different  from  zero.  Consequently,  the  single  Fermi  level 
which  exists  in  equilibrium  is  replaced  here  by  two  quasi- 
Fermi  levels:  one  for  electrons  Ef,,  and  one  for  holes  Ef^- 
A  positive  drain  voltage  reverse  biases  this  p-n  Junction.  .As  a 
result,  the  quasi-Fermi  level  for  holes  is  above  the  quasi-Fermi 
level  for  electrons.  Their  separation  is  determined  by  the  value 
of  the  drain  voltage.  Ef,  -  Ef„  =  qVd-  The  symbols  on 
the  current-voltage  characteristic  have  the  same  meaning  as  m 
Fig.  3:  the  square  denotes  the  flat-band  condition,  the  diamond 
denotes  the  onset  of  weak  inversion,  and  the  circle  denotes  the 
onset  of  strong  inversion.  In  addition,  the  triangle  denotes  the 
point  at  which  the  surface  generation  reaches  maximum. 

The  drain  surface  is  strongly  inverted  when  the  intrinsic 
Fermi  level  (E;)  at  the  surface  is  at  least  one  Fermi  potential 
((^f)  above  the  quasi-Fermi  level  for  minority  earners  (Ef^)- 
At  the  onset  of  strong  inversion  (the  energy  band  diagram 
in  the  upper  left-hand  comer  of  Fig.  4),  E,  is  exactly  one  ipF 
above  Ef^  at  the  surface.  At  the  onset  of  weak  inversion,  E,  at 
the  surface  equals  Ef^  (the  energy  band  diagram  is  not  shown 
in  Fia.  4).  At  flat-band  (the  energy  band  diagram  in  the  upper 
risht-hand  comer  of  Fig.  4),  the  surface  potential  equals  zero 
and  E,  is  the  same  at  the  drain  surface  as  in  the  drain  bulk.  The 
values  of  the  surface  potential  corresponding  to  these  energy 
band  diagrams  and  the  resulting  gate  voltages  have  been  given 
in  (6)-(8k  The  value  of  the  surface  potential  corresponding  to 
the  maximum  of  the  surface  generation  and  the  resulting  gate 
voltage  are  obtained  using  (10)-(12)  and  (4).  From  (10).  the 
surface  recombination-generation  rate  reaches  maximum  for 
a  value  of  the  surface  potential  resulting  in  a  minimum  of 
the  sum  of  the  surface  concentrations  of  electrons  and  holes. 
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Fig.  4.  The  energy  band  diagrams  for  a  fixed  drain  voltage  Vp  =  +0.5  V 
and  the  corresponding  drain  current-gate  voltage  characteristic.  The  symbols 
have  the  same  meaning  as  m  Fig.  3:  the  square  denotes  the  flatband  condition, 
the  diamond  denotes  the  onset  of  weak  inversion,  and  the  circle  denotes  the 
onset  of  strong  inversion.  In  addition,  the  triangle  denotes  the  point  at  which 
the  surface  generation  reaches  maximum.  The  positions  of  E\  ,  E,,  and  Ec 
at  the  dram  surface  are  denoted  by  solid  circles. 

For  Us  and  ps  given  by  (11)  and  (12),  the  maximum  surface 
recombination-generation  rate  occurs  when 

=  (13) 

Note  that  the  same  condition  was  derived  by  Fitzgerald  and 
Grove  [7]  for  a  forward-biased  gate-controlled  diode,  and  by 
Reddi  [13]  for  a  forward-biased  emitter-base  junction  of  a 
bipolar  transistor.  From  (11)  and  (12),  it  can  be  seen  that  this 
condition  leads  to  Us  ^  Ps,  i.e.,  the  surface  recombination- 
generation  velocity  has  a  maximum  value  when  the  surface 
concentrations  of  electrons  and  holes  are  equal.  In  the  energy 
band  notation,  this  means  that  the  intrinsic  Fermi  level  at  the 
surface  is  exactly  halfway  between  the  two  quasi-Fermi  levels 
(the  energy  band  diagram  in  the  middle  in  Fig.  4).  Finally,  it 
should  be  mentioned  that  the  condition  given  by  (13)  holds 
only  when  the  capture  cross  sections  for  electrons  and  holes 
are  equal,  because  (10)  was  derived  under  that  assumption. 
Reddi  [13]  derived  an  expression  more  general  than  (13), 
which  is  valid  when  the  capture  cross  sections  of  the  surface 
recombination-generation  centers  for  electrons  and  holes  are 
not  equal. 

Since  the  inversion-layer  charge  is  negligible  for  the  surface 
potential  given  by  (13),  it  is  possible  to  use  (4)  to  find  the  gate 
voltage  resulting  in  the  maximum  surface  generation  rate: 

Vn  I  ^ 

^ijeak  =  - “0F  +  d^) 

In  this  subsection,  significant  values  of  the  surface  potential 
have  been  identified  and  the  expressions  for  the  corresponding 
gate  voltage  have  been  given.  The  hump  has  been  shown 
to  exist  only  when  the  drain  surface  is  depleted  or  weakly 
inverted.  Thus  the  hump  is  bounded  by  strong  inversion  to  the 
left  and  accumulation  to  the  right  (Fig.  4).  Although  the  drain 
voltage  appears  in  many  of  the  expressions  presented  so  far, 
its  effects  on  the  hump  are  discussed  separately  in  some  detail 
below.  Proper  understanding  of  the  effects  of  the  drain  voltage 
is  essential  for  development  of  the  method  for  determining  the 
doping  in  the  drain  described  in  Section  III. 


E.  Effects  of  Drain  Voltage  on  the  Hump 

The  most  obvious  effect  of  increasing  the  drain  voltage  is 
the  increase  in  the  width  of  the  hump.  As  shown  in  Fig.  3(b), 
when  Vp  increases,  the  flat-band  point  (squares)  moves  to 
the  right  (toward  more  positive  gate  voltages),  and  the  point 
denoting  the  onset  of  strong  inversion  (circles)  moves  to  the 
left  (toward  more  negative  gate  voltages).  The  change  in  the 
gate  voltage  required  to  bring  about  the  flat-band  condition  is 
easily  understood  from  (6);  an  increase  in  Vd  necessitates  an 
increase  in  the  gate  voltage  Vq  in  order  to  keep  their  difference 
equal  to  the  flat-band  voltage  VpB.  Similarly,  from  (8)  we 
see  that  an  increase  in  Vp  makes  the  gate  voltage  Vo  niore 
negative,  i.e.,  increases  its  magnitude.  The  leading  edge  of  the 
hump  (observed  for  gate  voltages  between  Vo  and  VV)  moves 
to  the  left  slower  than  the  falling  edge  moves  to  the  right.  This 
is  because  both  V2  Vi  contain  the  drain  voltage  under  the 
square-root  sign,  whereas  Vq  varies  linearly  with  Vp,  Note  that 
(8)  is  equivalent  to  the  expression  for  the  threshold  voltage  of  a 
p-channel  MOSFET  which  has  the  body  (substrate)  bias  equal 
to  Vp.  Fig.  1(a)  allows  this  quasi-transistor  to  be  identified; 
the  two  adjacent  P-base  regions  (which  belong  to  two  adjacent 
DMOS  cells)  may  be  viewed  as  the  source  and  the  drain  of  a  p- 
channel  MOSFET,  while  the  AT-drift  region  serves  as  the  body 
(substrate).  This  is  actually  not  a  transistor  because  the  F-base 
regions  are  shorted  together  by  the  source  metallization,  and 
there  can  be  no  lateral  current  flow  between  them.  However, 
in  terms  of  its  effect  on  V2  =  Vp,  the  drain  voltage  behaves 
exactly  the  same  as  the  body  bias  of  a  conventional  p-channel 
MOSFET.  The  dependence  of  the  MOSFET  threshold  voltage 
on  the  body  bias  is  commonly  referred  to  as  the  body  effect. 

More  insight  into  the  effects  of  drain  voltage  on  the  hump 
may  be  gained  by  considering  the  dependence  of  the  total 
charge  in  the  drain  on  the  bias  voltages.  Fig.  5  displays  the 
magnitude  of  the  total  charge  per  unit  area.  as  a  function 
of  the  gate  voltage  with  the  drain  voltage  as  a  parameter.  The 
charge  in  the  drain  for  a  given  value  of  the  surface  potential 
was  calculated  using  (2),  and  the  corresponding  gate  voltage 
was  evaluated  from  (1).  The  current-voltage  characteristics 
corresponding  to  the  drain  voltages  used  to  calculate  Qs  are 
also  shown  in  Fig.  5.  The  dashed  lines  mark  the  points  where 
the  total  charge  changes  sign;  the  charge  is  positive  to  the 
left  of  the  dashed  lines  and  negative  to  the  right  of  the  lines. 
Clearly,  increasing  the  drain  voltage  causes  the  interval  of 
gate  voltages  for  which  the  surface  is  depleted  to  expand  (this 
interval  is  bounded  by  the  diamonds  on  the  left  and  the  squares 
on  the  right  on  the  current-voltage  characteristics).  For  the 
drain  voltage  larger  than  approximately  2  V,  the  falling  edge  of 
the  hump  cannot  be  seen  because  the  subthreshold  conduction 
begins  before  the  drain  surface  can  be  accumulated.  Therefore, 
for  V/)  =  5  V  and  Vp  =  10  V,  the  charge  in  the  drain  remains 
positive  for  the  whole  range  of  the  gate  voltage  shown  in 
Fig.  5. 

Finally,  one  significant  difference  between  the  gate- 
controlled  diode  shown  in  Fig.  2  (a)  and  the  base-drain  diode 
in  a  DMOS  structure  is  discussed  and  its  consequence  to  the 
hump  is  explained.  The  difference  is  in  the  doping  level  of  the 
P  regions.  The  region  of  the  gate-controlled  diode  shown 
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Fie.  5.  The  total  charge  per  unit  area  in  the  drain  as  a  function  of  the 
gate  voltage  with  the  drain  voitage  as  a  parameter.  Also  shown  are  the 
correspondine  drain  current-gate  voltage  characteristics.  The  dashed  lines 
denote  the  gate  voltages  resulting  in  the  Hatband  condition  in  the  dram 
(zero  charee*)  for  a  given  value  of  the  drain  voltage  [Vrj  =  -0.38  V  for 
To  =  0.1  V.l'r;  =  0.02  V  for  Vd  =  0.5  V,  and  To  =  0.52  V  for 
=  1  V). 

in  Fig.  2  (a)  is  heavily  doped  and  cannot  be  depleted  unless 
very  large  positive  voltage  is  applied  at  the  gate  terminal. 
Consequently,  for  practical  gate  voltages  this  region  does 
not  contribute  to  the  reverse  diode  current.  It  is  therefore 
sufficient  to  consider  the  N  region  in  analyzing  the  reverse 
diode  current.  In  contrast,  the  P-base  region  in  the  DMOS 
structure  is  not  heavily  doped  and  the  surface  charge  in  this 
region  can  easily  be  modulated  by  the  gate  voltage.  Therefore, 
the  P-base  may  contribute  a  nonnegligible  generation  current 
to  the  reverse  diode  current. 

Fig.  6  gives  the  comparison  between  the  measured  drain 
current  (solid  lines)  and  the  calculated  leakage  current  (sym¬ 
bols  connected  by  dotted  lines).  The  leakage  current  is  the  sum 
of  the  measured  background  leakage  /bg  (to  the  left  of  the 
hump)  and  the  calculated  surface-generation  component  Is,. 
The  surface-generation  component  was  calculated  as  follows; 
1)  for  a  chosen  value  of  the  surface  potential  p,,  the  surface 
concentrations  and  p,  were  evaluated  from  (11)  and  (12), 
respectively;  2)  these  values  were  used  in  (10)  to  find  the 
surface  recombination-generation  rate  U,;  3)  this  value  of 
U,  was  in  turn  used  in  (9)  to  calculate  Finally,  (1)  and 
(2)  were  employed  to  relate  the  chosen  value  of  the  surface 
potential  to  the  gate  voltage.  This  procedure  was  repeated  for 
a  number  of  different  values  of  the  surface  potential.  Note 
that  the  value  of  the  product  A,a,Dit  was  chosen  so  that  the 
measured  and  the  calculated  peaks  for  Vp  =  0.1  V  coincide. 
The  same  value  of  this  product  was  used  in  calculating  Is,  for 
the  remaining  drain  voltage  values.  As  an  example  illustrating 
the  order  of  magnitude  of  the  quantities  of  interest.  A,  = 
0.1  cm2.  ^  10-16  cm2,  and  At  =  3.3  x  lO^  cm-^eVS 
give  the  desired  product. 

The  integral  in  (10)  was  evaluated  analytically,  replacing  the 
integration  limits  Ev  and  Ec  by  -oc  and  -t-oc,  respectively. 
The  error  introduced  in  this  way  is  negligible  because  the 
recombination-generation  centers  with  energy  levels  near  the 
middle  of  the  energy  band  are  much  more  efficient  than  those 
near  the  band  edges  [7].  Therefore,  adding  centers  located 
a  0.5  eV  (or  more)  away  from  the  middle  of  the  energy  band 
does  not  affect  the  value  of  the  integral. 


Fie  6  The  measured  drain  current  (solid  lines)  and  the  calculated  leakage 
cu“rrent  (symbols  connected  by  dotted  lines)  as  a  function  of  the  gate  voltage 
with  the  drain  voltage  as  a  parameter. 

It  is  evident  from  Fig.  6  that  the  experiment  and  the  theory 
are  in  good  overall  agreement.  The  contribution  of  the  P- 
base  region  to  the  leakage  current  is  not  included  in  the 
theoretical  analysis,  and  consequently  the  increase  in  the 
leakage  current  as  the  gate  voltage  increases,  which  is  observed 
in  the  measured  current-voltage  characteristics,  is  not  predicted 
by  the  calculations.  In  addition,  the  measured  leakage  current 
is  larger  to  the  right  of  the  hump  (when  the  drain  surface  is 
accurnulated)  than  to  the  left  of  the  hump  (when  the  dram 
surface  is  strongly  inverted)  which  is  contrary  to  the  predic¬ 
tions  of  the  simple  gate-controlled  diode  theory  presented  in 
Section  II-A.  This  can  also  be  explained  by  the  contribution 
of  the  P-base  region.  Namely,  the  increase  in  the  gate  voltage 
results  in  an  increase  in  the  width  of  the  depletion  region  in 
the  P-base  below  the  gate.  As  a  result,  the  generation  current 
in  the  depletion  region  in  the  P-base  increases  as  the  gate 
voltage  is  increased. 

A  comparison  between  the  measured  and  the  calculated 
humps  reveals  that  the  experiment  gives  a  wider  hump  than 
the  calculations  (Fig.  6).  Similar  results  were  obtained  by 
Fitzgerald  and  Grove  [7],  and  by  Reddi  [13],  for  recombina¬ 
tion  current  of  forward  biased  p-n  junctions.  The  proposed 
explanations  were:  (1)  microscopic  nonuniformities  of  the 
surface  potential  caused  by  the  random  spatial  distribution 
of  surface  charges  [7];  and  (2)  the  nonnegligible  contribution 
of  recombination-generation  centers  with  energies  not  equal, 
but  close  to  midgap  [13].  In  the  present  study,  a  uniform 
density  of  the  recombination-generation  centers  in  energy  was 
assumed  in  calculating  U,  (in  contrast  to  [13],  where  a  single 
trap  level  located  at  midgap  was  assumed).  This  eliminates 
explanation  (2).  The  most  plausible  explanation  is  based  on 
the  variation  of  the  surface  potential  in  the  direction  parallel  to 
the  semiconductor  surface,  but  the  cause  is  probably  different 
from  that  given  in  explanation  (1).  Pierret  [8]  demonstrated 
that  the  quasi-Fermi  level  for  minority  carriers  does  not  remain 
constant  as  one  moves  along  the  semiconductor  surface  away 
from  the  p-n  Junction.  For  the  DMOS  structure,  this  means  that 
the  maximum  surface  recombination-generation  velocity  may 
occur  at  different  surface  potential  values,  and  thus  dilferent 
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gate  voltages,  for  points  near  the  base -drain  junction  and 
.  for  points  halfway  between  the  cells.  The  existence  of  more 
than  one  gate  voltage  resulting  in  the  maximum  leads  to 
broadening  of  the  hump, 

III.  Determining  Doping  in  the  Drain 
A.  Exact  Analysis 

The  body  effect  may  be  used  to  determine  the  doping  in  the 
substrate  of  a  MOSFET.  The  method  is  described  in  [14]  and 
(lOj.  The  threshold  voltage  of  a  p-channel  MOSFET  is 

Vt  =  VfB  +  2<t)f  -  ^yj  +  \bs  (^5) 

where  Vbs  is  the  body-to-source  voltage,  or  the  body  bias 
(positive  for  p-channel  devices).  If  the  threshold  voltage  is 
plotted  as  a  function  of  y/—2(j>f  -h  Vbs*  ^  straight  line  is 
obtained,  with  the  slope  equal  to  the  body-effect  coefficient 
7.  The  doping  concentration  in  the  substrate  is  found  from 
(5)  as 

N,  =  (16) 

For  the  DMOS  structure,  the  gate  voltage  required  to  bring  the 
drain  surface  to  strong  inversion  was  given  by  (8).  That  ex¬ 
pression  for  V2  is  equivalent  to  the  expression  for  the  threshold 
voltage  of  a  p-channel  MOSFET  (15),  with  the  drain  voltage 
playing  the  role  of  the  body  bias.  Apparently,  V2  could  be 
measured  for  different  values  of  the  drain  voltage,  and  plotted 
as  a  function  of  y/-24>F  +  to  obtain  7.  Unfonunately,  it 
is  not  possible  to  reliably  measure  V2,  because  the  transition 
between  the  background  leakage  current  (which  is  independent 
of  the  gate  voltage)  and  the  hump  is  gradual,  and  there  is  no 
single  point  which  can  with  certainty  be  identified  as  the  onset 
of  strong  inversion,  where  Tps  =  2(j>F  -  Vd-  Therefore,  the 
gate  voltage  corresponding  to  a  different  value  of  the  surface 
potential  should  be  chosen  as  the  quantity  which  is  measured 
as  a  function  of  the  drain  voltage.  It  is  desirable  to  select  a 
gate  voltage  corresponding  to  a  point  on  the  rising  edge  of  the 
hump,  where  the  slope  of  the  current-voltage  characteristic  is 
large.  In  this  way,  small  uncertainties  in  the  drain  current  will 
result  in  small  changes  in  the  gate  voltage.  We  select  a  point 
where  the  drain  current  equals: 

J  —  ^bottom  "F  /top  (17) 

2 

where  /bottom  *s  the  drain  current  at  the  bottom  of  the  hump 
and  /top  is  the  drain  current  at  the  top  of  the  hump.  Clearly, 
/bottom  is  equal  to  the  background  leakage,  /b  ottom  — 
and  is  independent  of  the  gate  voltage.  On  the  other  hand, 
/top  cannot  simply  be  defined  as  the  maximum  value  of  the 
drain  current  on  the  hump.  In  contrast  to  the  calculated  current, 
the  measured  current  is  not  constant  when  the  drain  surface  is 
depleted  (Fig.  6),  because  of  the  contribution  of  the  depleted 
P-base  to  the  total  leakage  current.  We  define  /top  as  the  end 
point  of  the  rising  edge.  Fig.  7  shows  the  points  corresponding 
to  the  chosen  values  of  /bottom  “ind  hop  (plain  crosses),  and 
the  resulting  h  (bold  crosses),  for  the  drain  voltages  ranging 


Fig.  7.  Linear  plot  of  the  drain  current  as  a  function  of  the  gate  voltage 
for  several  values  of  the  drain  voltage  (I’d  =  O-I  ^ 

1.7  V,  3  V,  5  V,  8  V.  and  10  V)  used  in  the  measurements  of  IV.  The 
plain  crosses  denote  values  of  the  currents  /ijouoin  ^ind  A  op.  while  the  bold 
crosses  denote  points  (IV, /j-). 

from  O.l  V  to  10  V.  Note  that  the  precision  with  which  /top 
is  chosen  does  not  significantly  affect  the  value  of  the  gate 
voltage  Fx  corresponding  to  /x.  First,  if  the  uncertainty  in 
/top  is  A/,  from  (17)  we  find  that  the  uncertainty  in  /x 
is  only  A//2.  Second,  small  changes  in  /x  lead  to  small 
changes  in  14,  because  of  the  steepness  of  the  current-voltage 
characteristics  in  the  vicinity  of  /x- 

If  the  surface  potential  corresponding  to  the  point  (V4./x) 
is  denoted  by  fpx  =  <Px  ~  ihe  gate  voltage  14  is  obtained 
from  (4): 

Vr  =  yFB  +  <t>x  -  ly/-(t>x  +  (i8) 

Therefore,  if  V4  is  plotted  as  a  function  of  y/-(px  +  Vd.  the 
slope  of  the  straight  line  gives  the  body-effect  coefficient, 
which  can  be  used  in  (16)  to  find  the  doping  concentration  in 
the  drain.  However,  the  value  of  4>x  is  not  known  in  advance. 
Comparison  between  Figs,  3(b)  and  7  suggests  that  (px  is 
between  (pf  and  2(pp,  Fig.  8  is  the  plot  of  V4  as  a  function 
of  \/-<Px  +  for  one  possible  value  of  0x*  Fig-  ^  illustrates 
the  need  for  knowing  the  exact  value  of  0x-  Different  values 
of  (px  result  in  different  values  of  7,  and  thus,  the  doping 
concentration  in  the  drain  No  depends  on  the  choice  of  (px^ 
Note  that  <px  is  not  the  only  unknown  quantity  in  (18).  The  fiat- 
band  voltage  VpB  is  also  unknown.  Therefore,  two  equations 
which  contain  (p^  and  VpB^  and  which  correspond  to  two 
easily  identifiable  points  on  the  hump  are  needed  to  find  both 
of  these  quantities.  The  first  equation  is  (18),  which  gives  the 
gate  voltage  I4  corresponding  to  the  current  /x-  We  choose 
(14)  as  the  second  equation,  because  for  low  drain  voltages  the 
hump  has  a  well  defined  peak.  Although  (px  does  not  appear 
explicitly  in  (14),  both  (pf  and  7  depend  on  the  choice  of  (px. 

We  denote  the  flatband  voltage  obtained  from  (18)  as  Vfbx^ 
and  the  flat-band  voltage  obtained  from  (14)  as  VV^peak-  Note 
that  if  a  value  of  (px  is  known  (or  assumed),  Vfbx  is  obtained 
from  the  y-axis  intercept  of  the  straight  line  in  Fig.  8  (as  seen 
from  (18),  the  y-axis  intercept  equals  V>bx+0x)-  On  the  other 
hand,  if  <px  is  known  (or  assumed),  VpBpediV  is  obtained  by 
subtracting  the  calculated  Vpeak  “  KpBpeak  from  the  measured 
^4eak-  The  calculated  Vpe&k  “  ^rspeak  is  obtained  from  (14) 
as  follows:  for  an  assumed  value  of  (px,i  is  found  from  the 
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Fie.  8.  Tj.  as  a  function  of  \/-o,  +  \  o  for  one  particular  value  of  the 
potential  o,-.  The  top  .<  -a*is  shows  the  surface  depletion  region  thickness  <1. 


plot  Vj.  vs.  vZ-'Px  +  (Fig.  8),  while  0F  is  found  using 
(16)  and  (3).  It  is  important  that  the  drain  voltage  used  when 
measuring  (peak  be  small  in  magnitude.  As  can  be  seen  from 
Fias.  3(b)  and  7,  there  is  a  well-defined  peak  only  for  low 
values  of  the  drain  voltage.  We  measured  Vpeak  using  three 
different  values  of  Vq  '■  0.05  V,  0.1  V,  and  0.15  V.  For  each 
chosen  value  of  ti>x,  three  slightly  different  values  of  V>apeak 
are  obtained  corresponding  to  these  three  values  of  the  drain 
voltase.  (These  differences  are  caused  by  the  measurement 
uncertainty  associated  with  Vp^ak.  and  by  the  approximative 
nature  of  ( 13)  and  ( 14),  which  are  exact  only  when  the  capture 
cross  sections  for  electrons  and  holes  are  equal.)  A  single  value 
of  V'fBppak  for  a  particular  value  of  <j)x  is  obtained  by  finding 
the  average  of  the  three  values  of  VfBpeak.  Note  that  both 
Vfbx  and  I^rspeak  depend  on  the  choice  of  (t>x. 

Since  (i>x  is  not  known  in  advance,  we  plot  the  flat-band 
voltaae  V>bx.  obtained  from  (18),  and  the  flat-band  voltage 
V'fBpeak.  Obtained  from  (14),  as  a  function  of  (px-  These  two 
functions  intersect  at  a  point  V^bx  =  KFBpeak.  which  is  the 
value  of  the  flat-band  voltage  sought.  The  ordinate  of  this  point 
gives  the  value  of  <px-  Thus  the  nonlinear  set  of  equations 
((18)  and  (14))  is  solved  for  V>b  and  <(>x  graphically.  This 
approach  is  illustrated  in  Fig.  10.  The  plots  of  both  V> Bx 
and  VrBpeak  are  straight  lines,  which  intersect  at  the  point 
(l>x  =  -0.29  V,  VpB  =  -0.48  V.  For  this  value  of  <i>x< 
the  doping  concentration  in  the  drain  obtained  from  Fig.  9 
is  .Vd  =  1.9  X  10^'*cm"^. 

It  should  be  noted  that  Figs.  3  through  10  show  the  data 
obtained  from  a  single  IRF440  power  MOSFET.  The  flatband 
voltaae  Vfs  =  -0.48  V  and  the  doping  in  the  drain  No  = 
1.9  X  lO^'^ciii"^  obtained  using  the  method  described  above 
have  been  used  to  calculate  Vq,  Vi,  and  Vo  shown  in  Figs.  3(b), 
4,  and  5.  and  to  calculate  I^g  shown  in  Fig.  6.  Also,  the  correct 
value  of  (ix  has  been  used  to  generate  the  data  plotted  in 
Fig.  8.  None  of  the  quantities  VpB^-^D^  and  4>x  is  known 
in  "advance:  they  all  had  to  be  determined  using  the  method 
described  above  before  the  calculations  could  be  performed 

The  top  x-axis  in  Fig.  8  shows  the  depletion  region  width 
d  at  the  surface  of  the  drain  corresponding  to  the  measured 
values  of  the  aate  voltaae  V'j..  The  depletion  region  width 

no 


Fig.  9.  Drain  doping  as  a  function  of  the  magnitude  of  the  potential  o,-. 


Fig.  10.  Flat-band  voltages  V’fBx  and  l>st>f«k  “  a  function  of  the 
magnitude  of  the  potential  Or.  The  intersection  of  these  two  plots  gives 
the' values,  of  the  potential  Or  =  -0.29  V.  and  the  Hatband  voltage 
VfB  ~  —0.48  V. 


corresponding  to  14,  i.e.,  to  the  surface  potential  ipx 

—4>x  +  Fb  is 


2s,{-<i>x  +  Vp) 

qNo 


(19) 


For  d>x  =  -0.29  V  and  iVo  =  1-9  x  10i-‘cni-\  we  find  that 
d  ranges  from  1.6  fxm  (for  Vo  =  0.1  V,  which  is  the  lowest 
value  of  the  drain  voltage  used  in  measurements  of  V^)  to 
8.4  (xm  (for  Vb  =  10  V,  which  is  the  highest  value  of  the 
drain  voltage  used  in  measurements  of  V^  ).  From  (18)  we 
obtain 

- (20) 

d{y/-(px 

Thus  7  evaluated  for  a  particular  value  of  the  drain  voltage 
gives  the  slope  of  the  graph  vs.  \/-(px  +  at  that 
point.  From  Fig.  8  we  see  that  the  slope  is  constant,  and 
thus,  the  doping  is  constant  for  d  larger  than  approximately 
2  /im.  As  mentioned  above,  for  this  drain  doping  (iVo  = 
1.9  X  10^*^  cm”"^)  and  for  the  drain  voltage  ranging  from  0.1 
to  10  V,  this  technique  probes  the  doping  profile  ranging  from 
1.6  /xm  to  8.4  iJLTn.  For  the  same  drain  voltage  range,  the  profile 
depth  is  smaller  in  a  more  heavily  doped  drain  (as  tound  in 
power  MOSFET's  with  lower  voltage  ratings).  For  a  given 
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drain  doping,  the  lower  limit  of  the  profile  depth  is  determined 
by  the  lowest  drain  voltage  value  that  allows  reliable  current 
measurements  (the  current  resolution  limit  is  1  pA  for  the  HP 
4145B),  while  the  upper  limit  is  set  by  the  drain  voltage  for 
which  the  background  leakage  increases  to  the  extent  that  the 
hump  can  no  longer  be  observed. 

This  method  for  determining  the  doping  in  the  drain  was 
employed  to  characterize  six  different  types  of  discrete  power 
MOSFET's.  Table  I  summarizes  the  results.  The  sample  size 
was  five  devices  per  device  type.  The  drain  doping  shown  in 
the  table  was  obtained  by  averaging  the  doping  values  obtained 
from  those  five  devices.  The  uniformity  of  drain  doping  among 
the  devices  of  the  same  type  was  good:  the  difference  between 
the  highest  doping  and  the  lowest  doping  was  4%  for  “the 
most  uniform”  device  typ)e  and  14%  for  “the  least  uniform  ’ 
device  type.  Note  that  an  effort  was  made  to  assure  that  all 
five  devices  per  device  type  come  from  the  same  wafer  lot. 
For  IRF150  and  IRF250,  this  was  established  with  certainty, 
because  the  lot  code  is  imprinted  on  the  device  package;  for  the 
remaining  four  device  types  this  information  was  not  available, 
but  the  devices  likely  were  from  the  same  wafer  lot  because 
the  production  date  code  was  the  same  for  all  five  devices  of 
a  given  device  type. 

The  drain  doping  is  expected  to  decrease  as  the  voltage 
rating  of  power  MOSFET’s  increases.  The  data  shown  in  Table 
I  indicate  that  there  may  be  an  exception  to  this  trend.  IRF250 
has  higher  voltage  rating  and  higher  drain  doping  than  IRF130, 
IRF150,  IRF9130,  and  MTM8P08.  This  is  because  in  this 
device  type  an  n-type  implant  at  the  surface  of  the  drain  is 
employed  to  reduce  the  series  resistance  of  the  drain,  while 
the  other  device  types  used  in  this  study  do  not  have  such  an 
implant.  The  profile  depth  for  this  device  is  from  0.4  /im  to 
1.7  /xm,  for  the  drain  voltage  ranging  from  0.1  V  to  10  V. 
Therefore,  the  method  described  here  allows  the  doping  in  the 
surface  region  of  the  drain  affected  by  the  ion  implantation  to 
be  measured,  which  is  of  great  interest  in  optimizing  the  series 
resistance  of  the  drain.  Note  that  the  breakdown  voltage,  and 
thus  voltage  rating,  is  set  by  the  doping  value  deep  in  the 
drain  bulk.  As  expected  from  the  discussion  presented  above, 
the  profile  depth  is  smaller  in  this  device  type  than  in  IRF440, 
because  the  measured  drain  doping  is  significantly  higher  in 
IRF250  than  in  IRF440. 

B.  Fast  Iterative  Technique 

When  the  dependence  of  the  threshold  voltage  on  the  body 
bias  (15)  is  used  to  determine  the  doping  in  the  substrate  of 
a  MOSFET,  the  following  iterative  procedure,  described  in 
[14],  can  be  employed.  The  initial  guess  for  2<j>r  =  0.6  V  is 
used  to  generate  the  plot  of  the  measured  Vr  as  a  function  of 
y/-  2(t>f  +  Vbs-  The  slope  7  of  that  straight  line  is  used  in  (16) 
to  find  Nd-  This  value  of  No  is  in  turn  used  to  obtain  a  new 
value  of  from  (3).  A  new  plot  of  Vt  versus  \/-2(pr  +  Vbs 
can  then  be  generated.  The  procedure  is  repeated  until  dr  stops 
changing,  which  usually  requires  no  more  than  two  iterations. 

The  iterative  procedure  described  above  is  possible  because 
there  is  a  known  relationship  between  the  result  of  any  iteration 
and  the  guess  used  in  the  following  iteration.  The  result  of 

111 


TABLE  I 

Drain  Doping  for  Six  Different  Power  MOSFET  Device  Types  The 
Doping  Was  Determined  Using  the  Method  Described  in  the  Text. 
The  Doping  for  Each  Device  Type  Shown  In  the  Table  Is  the 
Average  Value  for  a  Sample  of  Five  Devices  Per  Device  Type 


Device 

Type 

Polarity 

Manufacturer 

Voltage 

Rating 

[V] 

Drain 

Doping 

[lO'^cm’^l 

IRF130 

Harris 

Semiconductor 

100 

2.1 

IRF150 

n-channel 

International 

Rectifier 

100 

3.1 

IRF250 

Imemational 

Rectifier 

200 

4.7 

IRF440 

Motorola 

500 

0.19 

MTM8P08 

Motorola 

80 

3.0 

IRF9I30 

p-channel 

Harris 

Semiconductor 

100 

3.2 

TABLE  II 

Potential  Ox,  Fermi  Potential  o/t,  and  the  Ratio  of  These  Two 
Potentials  for  the  Six  Power  MOSFET  Device  Types  Whose 
Drain  Dopings  Are  Given  in  Table  I.  The  Potentials  Are  the 
Averages  for  a  Sample  of  Five  Devices  Per  Device  Type 


Polarity 

Ox 

(V] 

Of 

IV] 

1.09 

n-channel 

-0.330 

-0.247 

MTM8P08 

p-channel 

IRF9130 

■H 

any  iteration  is  0/r;  the  guess  for  the  following  iteration  is 
2<j>f.  If  (18)  is  considered,  no  such  iterative  procedure  appears 
feasible  because  the  relationship  between  the  potential  4>x  ^^d 
the  Fermi  potential  is  not  known.  Therefore,  establishing 
this  relationship  is  essential  to  constructing  a  fast  iterative 
technique  for  determining  the  drain  doping  based  on  the  exact 
analysis  presented  in  the  previous  subsection. 

Table  II  displays  the  values  of  the  potential  4>x  2ttid  the  Fermi 
potential  <t>f  for  the  six  power  MOSFET  device  types  whose 
drain  dopings  have  been  given  in  Table  I.  The  values  of  these 
potentials  for  each  device  type  were  obtained  by  finding  the 
average  for  the  five  devices  of  that  type.  The  ratio  of  px  and 
<f>f  for  all  device  types  is  very  close  to  l.l;  this  establishes 
the  relationship  needed  for  the  iteration  procedure. 

The  fast  iterative  procedure  based  on  the  relationship  <f>x  = 
l.lOf  is  illustrated  in  Table  III  for  the  IRF440  power  MOS¬ 
FET  used  to  generate  Figs.  3  through  10.  The  choice  of  the 
initial  value  for  (px  is  arbitrary;  we  have  chosen  (px  =  O.o  V 
which  is  a  reasonable  guess  for  common  doping  levels.  Note 
that  the  correct  doping  is  obtained  after  the  first  iteration;  the 
second  iteration  is  used  to  confirm  that  the  procedure  has  been 
completed.  This  iterative  technique,  however,  does  not  give  a 
correct  value  of  (px  (the  value  listed  in  Table  III  is  —0.27  V, 
while  the  correct  value  obtained  from  Fig,  10,  and  given  in 
Table  II  is  px  =  -0.29  V).  The  reason  for  this  is  the  use  of 
the  approximation  px  =  while  from  Table  II  the  correct 

relation  is  Px  =  l.l6pf.  In  consequence  of  this  approximation 
for  dx^  the  flat-band  voltage  value  determined  from  (18)  may 
not  be  correct,  because  this  equation  contains 
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TABLE  III 

Illustration  of  the  Iterative  Technique  for  Finding  the 
Drain  Doping  Described  in  the  Text.  The  Measurements  of 
\  r  Were  Performed  Using  an  IRF440  Power  MOSFET 


Iteration 

Number 

Ox 

[V] 

Drain 
Doping 
[10***  crn-’ 

0 

0.266 

2.1 

-0.249 

-0.274 

I 

0.254 

1.9 

-0.247 

-0.272 

2 

mmwm 

0.254 

1.9 

-0.272 

IV.  Conclusion 

The  leakage  current  of  DMOS  transistors  is  due  to 
recombination-generation  processes  in  the  silicon  bulk  and  at 
the  silicon-silicon  dioxide  interface.  The  hump  in  the  leakage 
current  of  DMOS  devices  has  been  explained  on  the  basis  of 
the  gate-controlled  diode  theory.  This  hump  is  due  to  surface 
generation  current  of  the  gate-controlled  diode  formed  by  the 
base-drain  p-n  junction.  The  drain  bias  of  the  DMOS  transistor 
is  shown  to  have  the  same  effect  on  the  charge  at  the  drain 
surface  as  the  body  bias  in  the  conventional  MOSFET.  The 
body  effect  is  used  to  develop  a  new  method  for  determining 
the  drain  doping  in  DMOS  transistors.  This  method  has  been 
illustrated  by  determining  the  drain  doping  for  six  different 
power  MOSFET  device  types.  This  method  gives  the  profile 
depth  ideally  suited  for  finding  the  relevant  drain  doping.  In 
power  MOSFET’s  which  do  not  have  a  surface  implant  in 
the  drain  region,  the  method  gives  the  doping  in  the  epitaxial 
layer  and  in  power  MOSFETs  in  which  an  implant  is  used 
to  reduce  the  on-resistance,  the  method  gives  the  doping 
in  this  implanted  layer.  This  method  is  nondestructive,  and 
does  not  require  special  test  structures.  Since  only  electrical 
measurements  are  required,  the  method  is  equally  applicable 
to  wafer-level  and  packaged-device  characterization. 
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Abstract — The  design  issues  associated  with  termination  structures  for  low-voltage  (200  V  class),  vertical, 
integrated  power  devices  are  described  and  contrasted  with  common  design  guidelines  for  high-voltage 
devices.  A  comparison  of  single  field  plate,  two-level  field  plate,  field  ring,  and  field  plate/ field  ring  methods 
is  presented.  Performance  criteria  are  breakdown  voltage,  manufacturability,  oxide  charge  sensitivity,  and 
area  consumption.  The  combination  field  plate/field  ring  method  is  superior  to  the  other  methods  unless 
extremely  low  area  consumption  is  required.  Extensive  device  simulations  as  well  as  experimental  data 
confirm  these  conclusions. 


1.  INTRODUCTION 

One  of  the  problems  faced  by  any  power  device 
designer  is  that  of  achieving  high  breakdown  voltage. 
Termination  structures  are  used  around  the  periphery 
of  the  device  to  reduce  the  effects  of  junction  curva¬ 
ture  and  thus  raise  the  breakdown  voltage  to  near  its 
ideal,  or  parallel-plane  value.  The  termination  struc¬ 
ture  design  issues  for  vertical,  integrated  power 
devices  differ  from  those  for  discrete  devices  in  several 
ways.  First,  the  area  consumed  by  the  integrated 
power  device  is  typically  of  major  concern,  and 
should  be  minimized.  This  reduction  in  area  leads  to 
a  different  potential  distribution  in  the  substrate  and 
a  lower  breakdown  voltage  than  in  a  discrete 
devicefl].  Second,  the  source  (or  anode)  contact  must 
run  over  the  isolation  for  the  power  device,  which  can 
severely  limit  the  breakdown  voltage  of  the  device 
due  to  surface  breakdown  at  the  comer  of  iso- 
lation[2].  Third,  since  a  contact  must  be  made  to  the 
source  (or  anode)  of  the  device  anyway,  it  is  natural 
to  use  the  contact  as  a  field  plate  termination  struc¬ 
ture.  Fourth,  the  relatively  high  doping  of  the  epitax¬ 
ial  region  (typically  greater  than  10*^ cm"^)  means 
that  oxide-charge  sensitivity  is  inherently  reduced[3]. 
Finally,  the  heavy  epitaxial-layer  doping  coupled 
with  the  near-spherical  geometry  means  that  a  sub¬ 
stantial  fraction  of  the  applied  voltage  is  dropped  in 
the  diffused  side  of  the  junction.  This  raises  the 
maximum  attainable  breakdown  voltage  beyond  the 
abrupt-junction  parallel-plane  limit[4-6],  and  alters 
the  optimal  placement  of  a  single  field-limiting  ring. 

In  light  of  these  considerations,  four  different 
termination  methods  are  compared:  single  field  plate, 
two-level  field  plate,  field  ring,  and  combination  field 
plate/field  ring.  The  comparisons  are  made  in  terms 


of  breakdown  voltage,  manufacturability,  oxide- 
charge  sensitivity,  and  area  consumption.  The  combi¬ 
nation  field  plate/field  ring  structures  are  judged 
superior  to  the  other  methods,  except  when  extremely 
low  area  consumption  is  required. 

2.  EXPERIMENTAL  DEVICE  STRUCTt  RE 

A  representative  layout  and  cross-section  of  the 
devices  studied  in  this  work  is  shown  in  Fig,  1 .  Diodes 
were  studied  instead  of  DMOS  devices  to  ensure  that 
the  observed  breakdown  voltage  trends  could  be 
attributed  entirely  to  the  termination  structure,  and 
were  not  due  to  breakdown  between  adjacent  DMOS 
cells[7].  These  devices  were  fabricated  in  an  oxide- 
isolated  process  that  includes  BJTs,  CMOS  transis¬ 
tors,  power  DMOS  transistors,  and  power  diodes[8]. 
It  should  be  noted  that  although  the  fabricated 
devices  were  oxide-isolated,  the  conclusions  and  ap¬ 
proach  of  this  work  apply  equally  well  to  junction- 
isolated  devices.  Relevant  device  parameters  for  the 
fabricated  devices  are  shown  in  Table  1.  Devices  were 
fabricated  with  three  different  termination  methods 
to  facilitate  a  one-to-one  comparison  between  the 
competing  termination  methods.  The  different  ter¬ 
mination  methods  are  discussed  in  detail  in  sub¬ 
sequent  sections.  Results  from  approx.  25  devices 
with  each  type  of  termination  method  will  be  indi¬ 
cated  on  graphs  with  error  bars. 

3.  UNTERMINATED  JUNCTION  BREAKDOWN  VOLTAGE 

It  is  useful  to  consider  the  effects  of  finite  surface 
concentration  and  finite  lateral  dimensions  on  unter¬ 
minated  junction  breakdown  voltage,  because  both 
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Region  I  'j'  Region  2 


Fig.  1.  Representative  top  and  cross-sectional  views  of  the 
devices  studied  in  this  work. 


effects  are  important  for  low-voltage,  integrated 
power  devices.  Figure  2  illustrates  the  definitions  of 
lateral  radius  of  curvature,  and  junction  depth, 
Xy  In  Fig.  3,  5-PISCES  2B-calculated  breakdown 
voltages  obtained  from  reverse  I-  V  simulations  of  the 
device  structure  in  Fig.  2  are  plotted  vs  surface 
concentration  of  the  diffusion.  The  impact  ionization 
model  used  and  the  method  of  treating  finite  radius 
of  lateral  curvature,  in  the  PISCES  simulations 
are  described  in  [9].  Three  types  of  junctions  are 
considered  in  Fig.  3:  one-dimensional,  or  parallel- 
plane  (very  large  and  cylindrical  (very  large 
but  finite  jCj),  and  composite  (finite  R^  and  Xj) 
junctions.  The  values  of  Xj,  and  used  in  the 
simulations  are  taken  from  Table  1  and  correspond 
to  the  fabricated  devices.  The  values  of  and 
BV^  that  appear  in  Table  1  are  indicated  in  Fig.  3. 
The  one-dimensional  depletion-layer  width  at  break¬ 
down,  in  Table  1,  was  calculated  as: 


(1) 


Table  1.  Values  and  symbol  conventions  for  fabricated  device 
parameters _ 


Device  parameter 

Symbol 

Value 

Junction  depth 

6.4  |im 

Lateral  radius 

3  pm 

Oxide  thickness 

1  and/or  2.5  pm 

Surface  concentration  of  diffusion 

N, 

2x  lO'  cm'^ 

Anode  to  ring  spacing 

^AR 

6  or  9  pm 

Width  of  ring  diffusion  window 

J'OR 

3  pm 

Epi  doping 

1.1  X  lO'^cm'^ 

Epi  thickness 

20  pm 

Junction  breakdown  voltage 

170  V 

Ideal  breakdown  voluge 

320  V 

Depletion  region  width  at  BVff 

19  pm 

where  €5.  is  the  permittivity  of  silicon  and  q  is  the 
magnitude  of  the  electronic  charge.  Note  that  BFpp  is 
much  larger  than  would  be  calculated  by  assuming 
abrupt,  one-sided  junctions  and  an  approximation  to 
the  ionization  integral!  10).  The  difference  is  due  to  the 
large  potential  drop  on  the  diffused  side  of  the 
junction. 

From  Fig.  3,  it  is  seen  that  the  breakdown  voltage 
decreases  with  increasing  for  all  three  junctions, 
reaching  the  abrupt  limit  for  very  large  values  of 
Also,  the  breakdown  voltage  of  the  composite  junc¬ 
tion  is  much  lower  than  the  cylindrical  junction, 
which  underscores  the  importance  of  taking  the  finite 
R^  into  account  in  the  PISCES  simulations. 

4.  SIMULATION  APPROACH 

Figure  4  illustrates  the  dependence  of  breakdown 
voltage  on  oxide  thickness,  at  key  locations  in  the 
device.  There  are  three  points  in  the  device  where 
breakdown  may  occur.  These  points  are  referred  to  in 
the  text  by  letters  A,  B  and  C  and  in  Fig.  4  by  symbols 
■,  A,  and  •,  respectively.  Points  A  and  B  represent 
surface  breakdown,  and  should  be  avoided  because  of 
reliability  issues!  I U-  Point  C  is  where  nondestructive 
bulk  junction  breakdown  occurs.  The  termination 
structure  for  the  device  must  avoid  breakdown  at 
points  A  and  B,  while  providing  the  highest  possible 
breakdown  voltage  at  point  G.  The  breakdown 
voltage  of  the  complete  device  is  the  minimum  of  the 
breakdown  voltages  at  points  A,  B  and  C. 

In  Figs  1  and  4,  the  device  is  shown  divided  into 
regions  1  and  2.  In  region  1,  the  anode  metallization 
extends  over  the  isolation  oxide,  while  in  region  2  the 
metallization  ends  before  reaching  this  point.  These 
two  regions  must  both  be  considered  when  designing 
and  comparing  termination  structures  for  integrated 
power  devices.  In  the  analysis  that  follows,  regions  1 
and  2  will  be  studied  separately,  and  the  results  will 
be  combined  to  yield  the  results  for  the  entire  device. 
This  approach  is  taken  for  two  reasons.  First,  it 
clarifies  the  interaction  between  the  two  regions  of  the 
device  and  the  characteristics  of  each.  Second,  region 
1  is  best  modeled  by  rectangular  coordinates  (two-di¬ 
mensional  simulation),  while  region  2  is  best  modeled 
with  cylindrical  coordinates  (quasi-three  dimensional 
simulation).  Since  coordinate  systems  cannot  be 
mixed  in  PISCES,  separation  into  two  regions  is 
necessary  for  accurate  results.  Finally,  breakdown  in 
region  1  is  allowed  to  occur  only  at  point  B,  while 
breakdown  in  region  2  may  occur  at  either  point  A 
or  C. 


5.  BREAKDOWN  VOLTAGE  COMPARISON 
5.1.  Single ’level  field  plate 

First,  consider  the  simplest  possible  termination 
structure  for  the  devices  in  this  study:  a  single-level 
field  plate  (FP)  structure.  The  FP  structure  is  fabri¬ 
cated  by  simply  extending  the  anode  metallization 
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Fig.  2.  Illustration  of  junction  depth  lateral  radius  and  epitaxial  layer  thickness  x, 


over  the  field  oxide  around  the  anode.  The  optimum 
field  plate  length  was  determined  from  simulations  to 
be  about  70%  of  the  depletion  region  thickness  at  the 
ideal  breakdown  voltage,  IVpp,  as  suggested  in  [12],  or 
0.7  If'pp  =  1 1  /im  for  these  devices.  The  only  variable 
is  oxide  thickness,  In  Fig.  4,  normalized  break¬ 
down  voltage,  BF/5Kpp,  is  plotted  vs  for  both 
regions  1  and  2.  The  graph  symbols  correspond  to  the 
points  in  the  device  where  breakdown  occurs. 

Four  oxide  thicknesses  are  important  in  the  follow¬ 
ing  discussion,  and  they  are  labeled  and 

ro^4  in  Fig.  4.  In  region  I,  the  BK  vs  characteristic 
is  linear,  while  in  region  2,  the  characteristic  exhibits 
a  maximum  at  =  0.4  |im.  In  region  1,  the  results 
are  shown  only  up  to  1.8 /zm,  because  break¬ 
down  in  region  2  limits  the  breakdown  voltage  of  the 
entire  device  to  be  less  than  or  equal  to  BVpp 

The  optimum  oxide  thickness  for  region  2  is 
=  0.4  ^TTiy  which  would  be  the  optimal  choice  for 
a  discrete  device.  However,  this  oxide  thickness  in 
region  1  yields  an  unacceptably  low  surface  break- 


Surfuce  Concentration,  [cm‘  'i 

Fig.  3.  PISCES-simulaied  breakdown  voltage  vs  surface 
concentration  of  the  diffusion  for  parallel-plane,  cylindrical, 
and  composite  junctions. 


down  voltage  at  point  B  of  35%  of  the  ideal  break¬ 
down  voltage  (0.35  BVpp  —  112  V).  When  both 
regions  1  and  2  are  considered,  the  optimal  oxide 
thickness  for  the  single-level  field  plate  structure  is 
1.0 /im,  since  that  is  the  smallest  oxide  thick¬ 
ness  for  which  breakdown  occurs  at  point  C. 
However,  the  breakdown  voltage  at  is  only 
0.7SFpp  =  225  V. 

5.2  Avoiding  surface  breakdown 

In  general,  termination  structure  design  for  the 
device  structure  in  Fig.  1  consists  of  ensuring  that 
breakdown  at  point  B  is  avoided  by  making  the  oxide 
sufficiently  thick.  This  places  a  constraint  on  the 
termination  structure  design  in  region  2  that  does  not 
exist  for  discrete  devices.  For  example,  if  a  termin¬ 
ation  structure  were  employed  to  raise  the  breakdown 
voltage  of  the  device  beyond  that  obtainable  with  a 


Fig.  4.  Normalized  breakdown  voltage  vs  oxide  thickness 
for  regions  I  and  2.  Graph  symbols  correspond  to  break¬ 
down  points  within  the  device:  A  =  B,  B  =  A.  C  =  #. 
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singie-level  field  plate,  the  oxide  thickness  at  point  B 
must  still  be  large  enough  to  avoid  premature  break¬ 
down  al  point  B.  As  a  limiting  case,  if  the  termination 
structure  could  achieve  ideal  breakdown  voltage  in 
region  2,  then  /ox  n^^st  be  larger  than  =  1.8  iini  in 
region  1  to  avoid  surface  breakdown  at  point  B.  In 
all  the  fabricated  devices,  surface  breakdown  was 
avoided  because  ^  ^0*4  =  2.5  /tm. 

It  should  be  noted  that  the  surface  breakdown 
problem  at  point  B  could  be  addressed  with  a  field 
reduction  region(13]  or  floating  metal  field  rings[2]. 
This  approach  was  not  taken  in  this  work.  If  one  of 
these  techniques  were  employed,  it  would  merely 
increase  the  slope  of  the  breakdown  voltage  vs  oxide 
thickness  characteristic  at  point  B,  reducing  the  value 
of  The  design  issues  associated  with  the  termin¬ 
ation  for  the  device  would  be  unchanged. 

5.3.  Two -level  field  plate 

To  improve  the  breakdown  voltage  of  a  single-level 
field  plate  device,  two-level  field  plate  (2FP)  struc¬ 
tures  are  often  used  [13,14].  A  representative  cross- 
section  of  a  2FP  structure  is  shown  in  Fig.  5.  These 
structures  are  relatively  simple  to  fabricate,  since  two 
levels  of  interconnection  almost  always  exist  in  a 
power  integrated  circuit.  The  lower  level  of  intercon¬ 
nection  is  used  as  the  lower  field  plate.  Layout  and 
processing  considerations  other  than  device  break¬ 
down  voltage  may  dictate  the  oxide  thickness  under 
the  first  level  of  interconnect,  but  this  fact 
is  ignored  in  the  following  analysis.  The  oxide 
thickness  under  the  lower  FP  is  treated  as  a  free 
parameter. 

The  oxide  thickness  under  the  upper  FP,  is  not 
a  free  parameter;  it  must  be  larger  than  =  1.8  /^m 
to  avoid  surface  breakdown  at  point  B.  For 
the  simulations,  /oxu  was  taken  to  be  =  2.5  ^un, 
since  this  is  the  thickness  used  in  the  fabricated 
devices.  The  lower  field  plate  length,  yfpi ,  was 
0.7  =  1 1  pm,  and  the  upper  plate  length,  yfp„,  was 

5  pm.  These  choices  represent  reasonable  tradeoffs 
between  field  plate  length  and  breakdown  voltage, 
and  are  similar  to  the  fabricated  device  dimensions. 
The  oxide  thickness  under  the  lower  FP  was  then 
varied  in  the  simulations  with  fixed  foxu-  It  was  found 


yppi  yppu 


Fig.  5.  Representative  cross-sectional  view  of  a  two-level 
field  plate  structure. 


Norm.  Ring  Spacing, 

Fig.  6.  Normalized  breakdown  voltage  vs  normalized 
ring  spacing  for  field  ring  only  and  field  plate;  field  ring 
devices.  Experimental  data  from  25  devices  at  each  spacing 
are  indicated  with  error  bars. 

that  the  optimal  oxide  thickness  for  the  lower  FP 
was  0.4  pm,  achieving  a  breakdown  voltage  of 
0.74  5Fpp  =  236  V. 

5.4.  Field  plate  field  ring 

By  combining  FP  structures  with  field  ring  (FR) 
structures,  hybrid  FP/FR  structures  are  obtained. 
Hybrid  structures  have  received  recent  attention  in 
the  Iiterature[l5,16],  and  superior  performance  has 
been  reported  over  field  plate  and  field  ring  only 
techniques.  Running  a  field  plate  that  is  at  the 
potential  of  the  anode  directly  over  a  field  ring, 
however,  is  discouraged  in  [17].  The  reason  cited  is 
that  since  the  FR  technique  relies  on  punchthrough 
between  adjacent  rings  to  achieve  high  breakdown 
voltage,  any  distortion  of  the  surface  potential  by  a 
field  plate  would  reduce  the  effectiveness  of  the 
structure. 

The  present  work  indicates  that,  in  fact,  a  field 
plate  directly  over  a  field  ring  is  an  effective  termin¬ 
ation  method.  Since  the  field  ring  is  diffused  in  the 
same  processing  step  as  the  anode,  the  FP  FR 
structure  requires  no  extra  processing  steps  when 
compared  to  a  field  plate  or  a  field  ring  structure.  In 
Fig.  6,  normalized  breakdown  voltage  vs 

normalized  anode-ring  spacing  is  shown  for 

FP/FR  and  FR  only  structures.  Experimental  data 
taken  from  25  FP/FR  devices  at  two  values  of  >\r  is 
shown  with  error  bars.  The  simulation  results  for 
FR-only  structures  are  included  merely  for  compari¬ 
son  with  FP/FR  structures. 

The  FP/FR  structure  reduces  the  sensitivity  of 
breakdown  voltage  to  ring  spacing  when  compared  to 
a  FR-only  structure,  and  always  achieves  higher 
breakdown  voltage  than  a  FR-only  structure  with  the 
same  addition,  the  breakdown  voltage  of  the 

FP/FR  structure  will  never  fall  below  the  breakdown 
voltage  set  by  the  oxide  thickness  under  the  field 
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plate.  Thus,  the  FP/FR  structure  guarantees  a  higher 
breakdown  voltage  than  the  corresponding  field  plate 
or  field  ring  only  structure,  no  matter  where  the  field 
ring  is  placed.  Thus,  FP/FR  structures  are  extremely 
easy  to  manufacture.  Simulations  indicate  that  the 
optimal  FP/FR  structure  achieves  a  breakdown 
voltage  of  0.88  5Fpp  281  V  which  is  significantly 
larger  than  that  obtainable  with  either  a  field  plate  or 
2^  field  ring  only  structure. 

Note  from  Fig.  6  that  the  optimal  ring  spacing  is 
about  0.12  ^Fpp  =  2.25pm.  This  is  slightly  less  than 
the  optimal  ring  spacing  without  the  field  plate,  and 
much  less  than  the  often  quoted  design  rule  that 
says  the  optimal  ring  spacing  should  be 
0.25  fVpp  =  4.75  fim[l7,18].  The  difference  in  the  opti¬ 
mal  ring  spacings  for  these  devices  is  a  result  of  their 
small  area  and  relatively  low  surface  concentration  of 
the  diffusion,  as  discussed  in  Section  3. 

In  Fig.  7,  normalized  breakdown  voltage  and 
optimal  ring  spacing  are  plotted  vs  oxide  thickness. 
Possible  surface  breakdown  at  point  B  was  not 
considered  in  this  figure.  The  optimal  ring  spacing 
does  not  change  with  oxide  thickness,  although  the 
breakdown  voltage  decreases  with  increasing  oxide 
thickness.  Thus,  if  the  ring  is  correctly  placed,  small 
changes  in  oxide  thickness  will  not  substantially  affect 
the  breakdown  voltage,  which  further  enhances  the 
manufacturability  of  the  FP/FR  structure.  Also  plot¬ 
ted  for  reference  in  Fig.  7  are  simulation  results  for 
the  FR-only  device. 

6.  OTHER  COMPARISONS 
6.1.  Oxide  charge  sensitivity 

The  breakdown  voltage  of  power  devices  with 
n-type  epitaxial  regions  degrades  when  positive 
oxide-trapped  charge,  is  introduced  into  the 
oxideflT].  This  charge  can  arise  from  device  process- 
ing[15]  or  from  ionizing  radiation[l9].  It  is  thus  of 
interest  to  examine  the  breakdown  voltage  sensitivity 
of  the  different  termination  structures  to  oxide 
charge.  In  Fig.  8,  normalized  breakdown  voltage 


Fig.  7.  Normalized  breakdown  voltage  and  optimal  anode¬ 
ring  spacing  vs  oxide  thickness. 
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Fig.  8.  Normalized  breakdown  voltage  vs  oxide-trapped 
charge  for  the  termination  structures  described  in  the  text. 


obtained  from  S-PISCES  2B  simulations  is  plotted  vs 
Noi  for  the  structures  discussed  above.  Several  trends 
are  apparent.  First,  the  breakdown  voltage  degra¬ 
dation  decreases  with  decreasing  oxide  thickness  for 
both  FP  and  FP/FR  structures.  This  is  because  with 
thinner  oxides,  the  field  plate  influences  the  surface 
potential  more  strongly.  Charge  in  the  oxide  thus  has 
less  of  an  effect  on  the  surface  potential.  Second,  the 
FP/FR  and  FR-only  structures  have  higher  break¬ 
down  voltage  than  the  field  plate  structures  for  all 
values  of  One  of  the  main  drawbacks  of  FR-only 
structures  in  high-voltage  devices  is  the  sensitivity  of 
breakdown  voltage  to  oxide  charge,  as  pointed  out 
by  many  authors[l  5,20,21].  However,  all  of  these 
studies  have  focused  on  high-voltage  devices  with 
lightly-doped  epitaxial  layers.  In  the  devices  studied 
in  this  work,  is  large  enough  that  the  presence  of 
Noi  has  relatively  little  effect  on  the  breakdown 
voltage. 

6.2.  Area  consumption 

Area  consumption  is  a  prime  concern  for  inte¬ 
grated  power  devices.  Indeed,  the  termination  struc¬ 
ture  that  yields  the  highest  breakdown  voltage  may 
not  be  optimal  for  the  device  if  the  area  consumption 
is  excessive.  For  the  purpose  of  comparison,  the 
area  of  the  termination  structure  is  defined  as 
Area-re  =  ^ ,  where  is  the  radius  of  the  tennin- 

ation  structure  measured  from  the  center  of  the 
diffused  anode.  In  Fig.  9,  the  normalized  breakdown 
voltage  BVIBVf^  for  the  termination  methods  stud¬ 
ied  in  this  work  is  plotted  vs  the  normalized  area 
of  the  termination  structure  Area-re /Area^^.  Again, 
error  bars  indicate  the  range  of  experimental  data. 
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Fig.  9.  Normalized  breakdown  voltage  vs  normalized  area  consumption  for  the  devices  investigated  in  this 
work.  Error  bars  indicate  the  range  of  experimental  data  from  25  devices  of  each  type. 


The  symbols  on  the  ends  of  the  error  bars  correspond 
to  the  symbols  for  the  simulation  results. 

Since  single  and  two-level  field  plate  structures  can 
be  fabricated  with  any  field  plate  length,  the  area 
consumed  by  a  field  plate  structure  can  be  freely 
chosen  by  the  designer.  For  extremely  low  area 
consumption,  the  field  plate  technique  is  the  best 
approach. 

If  higher  breakdown  voltage  is  desired  at  the 
expense  of  slightly  more  area  consumption,  then  a 
combination  field  plate/field  ring  structure  can  be 
used.  The  FP/FR  structure  has  a  minimum  area  set 
by  the  requirement  that  the  FR  spacing  >^ar  ^  larger 
than  zero.  However,  the  area  consumed  by  the  opti¬ 
mal  FP/FR  structure  is  nearly  the  same  as  that 
consumed  by  the  optimal  2FP  structure.  Note  also 
that  the  area  of  the  PT/FR  structure  can  be  varied  in 
two  ways.  The  FR  spacing  y^R  can  be  varied  with  a 
fixed  overlap  yo.  or  the  overlap  yo  can  be  varied  with 
a  fixed  y^vR.  Both  cases  are  shown  in  Fig.  9.  By 
varying  the  overlap  yo  with  an  optimally-placed  field 
ring,  the  power  device  designer  can  obtain  additional 
voltage  handling  capability  at  the  expense  of  ad¬ 
ditional  area  consumption. 

7.  SUMMARY 

The  issues  associated  with  termination  structure 
design  for  vertical,  integrated  power  devices  were 
defined.  The  interaction  of  the  oxide  thickness  run¬ 
ning  over  the  device  isolation  and  the  breakdown 
voltage  of  the  device  was  explored.  In  light  of  these 
constraints,  a  comparison  of  single  field  plate,  two- 
level  field  plate,  field  ring  only,  and  combination  field 
plate/field  ring  termination  structures  was  performed. 
Combination  field  plate/field  ring  structures  were 
seen  to  provide  significantly  higher  breakdown 
voltage  than  other  structures  while  consuming  little 


additional  area.  The  simple  fabrication  and  design 
constraints  for  combination  field  plate/field  ring  ter¬ 
mination  structures  make  them  attractive  options  for 
integrated  as  well  as  discrete  power  devices. 

Acknowledgements— TYds  work  was  partially  supported  by 
AT  &  T  Bell  Laboratories.  S.  L.  Rosier  was  supported  by  a 
National  Defense  Science  and  Engineering  Graduate 
Fellowship.  The  technical  support  of  Silvaco  International 
is  much  appreciated. 


REFERENCES 

1.  C.  Basavanagoud  and  K.  N.  Bhat,  IEEE  Electron 
Device  Lett  EDL-6,  276-278  (1985). 

2.  E.  Falck,  W.  Gerlach  and  J.  Korec,  IEEE  Trans. 
Electron  Devices  40,  439-447  (1993). 

3.  S,  L.  Rosier,  R.  D.  Schrimpf,  F.  E.  Cellier  and  R.  F. 
Galloway,  IEEE  Trans.  Nucl.  Sci.  NS-37,  2076-2082 
(1990). 

4.  C.  Bulucea,  Solid-St.  Electron.  34,  1313-1318  (1991). 

5.  A.  P.  Silard  and  M.  J.  Duta,  Solid-St.  Electron.  34, 
167-172  (1991). 

6.  S.-J.  Liang  and  J.-S.  Luo,  Solid-St.  Electron.  34, 
1433-1437  (1991). 

7.  M.  N.  Darwish  and  R.  Board,  IEEE  Trans.  Electron 
Devices  ED-31,  1769-1773  (1984). 

8.  M.  N.  Darwish  and  M.  A.  Shibib,  IEEE  Trans.  Electron 
Devices  38,  1600-1604  (1991). 

9.  A.  Yabuta,  C.  G.  Hwang,  M.  Suzumura  and  R.  W. 
Dutton,  IEEE  Trans.  Electron  Devices  37,  1132-1140 
(1990). 

10.  B.  J.  Baliga  and  S.  R.  Ghandi,  Solid-St.  Electron.  19, 
739-744  (1976). 

11.  R.  C.  Saraswat  and  J.  D.  Mcindl,  Solid-St.  Electron.  21, 
813^19  (1978). 

12.  C.  B.  Goud  and  R.  N.  Bhat,  IEEE  Trans.  Electron 
Devices  38,  1497-1504  (1991). 

13.  Y.  Sugawara  and  T.  Ramei,  IEEE  Trans.  Electron 
Devices  ED-34,  1816-1821  (1987). 

14.  F.  Conti  and  M.  Conti,  Solid-St.  Electron.  15,  93-105 
(1972). 

15.  H.  Yilmaz,  IEEE  Trans.  Electron  Devices  38,  1666-1675 
(1991). 


120 


Termination  methods  for  integrated  power  devices 


1617 


16.  A.  Nczar  and  C.  A.  T.  Salama,  IEEE  Trans.  Electron 
Devices  38,  1676-1680  (1991). 

17.  B.  J.  Baliga,  Modern  Po^er  Devices.  Wiley,  New  York 
(1987) 

18.  M.  S.  Adler,  V,  A.  K.  Temple,  A.  P.  Ferro  and  R.  C. 
Rustay,  IEEE  Trans.  Electron  Devices  ED-Z4,  107-112 
(1977). 


19.  S.  L.  Rosier,  R.  D.  Schrimpf,  K.  F.  Galloway  and  F.  E. 

Cellier,  IEEE  Trans.  Nucl.  Sci.  38,  1383-1390 

(1991). 

20.  C.  B.  Goud  and  K.  N.  Bhat,  IEEE  Trans.  Electron 
Devices  39,  1768-1770  (1992). 

21.  K.-P.  Brieger,  W.  Gerlach  and  J.  Pelka,  Solid-St.  Elec¬ 
tron.  26,  739-745  (1983). 


121 


IV.H.  Evaluation  of  a  Method  for  Estimating  Low-Dose-Rate 
Irradiation  Response  of  MOSFETs 


122 


lEhb  i  ON  Nn^i-L.An.  :)'^;L:Ntwi_.  vOL.  -i.  '-U.  •?.  :.  .v*  v- .-v  .  •--> 


Evaluation  of  a  Method  for  Estimating  Low-Dose-Rate 
Irradiation  Response  of  MOSFETs^ 

P.  Khosropou^^  D,  M.  Fleetwood^^  K.F.  Galloway^  RD.  SchrimpP,  and  P.  CalveP 


^Electrical  and  Computer  Engineering  Department 
University  of  Arizona 
Tucson,  AZ  85721 


^^Sandia  National  Laboratories 
Albuquerque,  NM  87185 


^Alcatel  Espace 
Toulouse,  France 


Abstract 

A  simple  method  for  estimating  the  threshold- voltage  shift  due 
to  low-dose-rate  ionizing  irradiation  was  recently  projK)sed  for 
power  MOSFETs.  In  this  work,  the  physical  considerations 
governing  the  applicability  of  the  method  are  examined.  In 
addition  to  the  power  MOSFETs  discussed  in  the  previous  paper, 
the  method  is  applied  to  integrated  MOSFETs  from  two  different 
technologies  and  critically  evaluated.  For  this  method  to  work, 
the  oxide  trapped  charge  due  to  low -dose-rate  irradiation  should 
be  the  same  as  that  following  irradiation  at  the  dose  rates 
specified  in  MIL-STD-883D  Method  1019.4,  and  the  interface- 
trap  density  following  low-dose-rate  irradiation  should  be  the 
same  as  that  following  irradiation  at  1019.4  rates  and  subsequent 
high-temperature  annealing.  Of  the  two  integrated  technologies 
evaluated,  the  method  correctly  predicts  the  low-dose-rate  thresh¬ 
old-voltage  shift  for  one.  but  not  for  the  other.  In  the  case  where 
the  method  yields  the  correct  result,  the  agreement  appears  to  be 
coincidental.  The  results,  coupled  with  the  necessity  for  transis¬ 
tor-level  test  structures,  suggests  that  the  proposed  method  is 
applicable  primarily  to  power  MOSFETs  that  exhibit  slow  an¬ 
nealing  of  oxide- trapped  charge  and  no  rebound  during  low- 
dose-rate  irradiation. 


I.  INTRODUCTION 

Space  apph cations  of  MOS  devices  require  knowledge  of  the 
behavior  of  these  devices  when  exposed  to  low -dose-rate  ioniz¬ 
ing  radiation  typical  of  natural  space.  There  has  been  consider¬ 
able  work  on  the  effects  of  ionizing  radiation  on  MOS  devices 
and  a  number  of  reviews  are  available  [1-3].  Since  characterizing 
the  effects  of  low -dose -rate  ionizing  radiation  on  MOS  devices 
can  be  time  consuming  and  expensive,  much  of  the  work  charac¬ 
terizing  the  effects  of  ionizing  radiation  on  MOS  devices  has 
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been  done  at  the  high  dose  rates  normally  available  for  laboratory 
experimentation  [4-8]. 

A  new  method  for  estimating  the  low-dose-rate  threshold- volt¬ 
age  shift  in  power  MOSFETs  was  recently  proposed  [9],  which 
is  an  attempt  to  exploit  information  acquired  during  irradiations 
and  anneals  per  MIL-STD  Test  Method  1019.4  [10]  to  estimate 
low -dose-rate  response.  Briefly,  the  method  consists  of  estimat¬ 
ing  the  low -dose-rate  threshold  voltage  shift  by  summing  the 
thieshold  shift  due  to  oxide  trapped  charge  (AV^)  immediately 
after  irradiation  and  the  shift  due  to  interface  trapped  charge 
(AV.^)  following  irradiation  and  annealing  at  100°  C. 

While  the  previous  paper  showed  good  agreement  betw  een  the 
predictions  of  this  method  and  actual  low-dose -rate  irradiation, 
it  did  not  examine  multiple  technologies,  nor  discuss  the  physical 
considerations  that  determine  thr  applicability  of  the  method. 
This  paper  critically  examines  this  new  method  for  estimating  the 
low-dose-rate  radiation  response  of  power  MO  SFET  s  for  a  range 
of  total-dose  exposures  and  also  applies  the  method  to  two 
integrated  MOS  technologies.  The  background  information  and 
assumptions  underlying  the  method  are  clarified.  The  results, 
coupled  with  the  necessity  for  transistor-level  test  structures, 
suggest  that  the  proposed  method  is  applicable  primarily  to 
power  MOSFETs  that  exhibit  slow  annealing  of  oxide-trapped 
charge  and  no  rebound  during  low-dose-rate  irradiation. 

n.  EXPERIMENTAL  DETAILS 

The  device  types  used  in  this  study  were  IRFl 50  power  MOSFETs 
manufactured  by  International  Rectifier  (wafer  lot#  6U1G)  [9], 
nMOS  transistors  manufactured  by  the  SNL  Center  for  Radiation 
Hardened  Microelectronics  in  the  4/3  pm  process  (SNL  Lot  # 
G1916A;  wafer  22;  32-nm  oxide;  W=  16  pm;  L  =  3pm)  [11],  and 
n-chaimel  transistors  from  Honeywell  (RICMOS  development 
lot;  25-nm  oxide;  W  =  25pm;  L  =  2.5  pm)  [12]. 

Standard  transistor  threshold-voltage  and  subthreshold  current- 
voltage  measurements  were  performed  at  room  temperature 
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using  an  HP4145B  semiconductor  parameter  analyzer.  The 
threshold  voltage  is  defined  as  the  voltage*axis  intercept  of  the 
square  root  of  the  drain  current  versus  gate  voltage  in  saturation. 
The  threshold-voltage  shift  due  to  oxide-trapped  charge,  AV^, 
and  that  due  to  interface -trapped  charge,  AV.^,  were  determined 
using  the  subthreshold  charge  separation  technique  of  McWhorter 
and  Winokur  [13].  No  attempt  was  made  to  separate  effects  of 
interface-traps  and  "border  traps"  [14,15]  in  this  study. 

For  the  radiation  exposures,  the  gates  of  the  International  Recti¬ 
fier  power  MOSFETs,  Sandia  transistors,  and  Honeywell  tran¬ 
sistors  were  biased  at  -i-9V,  +6V,  and  +5V,  respectively,  during 
irradiation  and  anneal.  The  sources  and  drains  of  all  devices  were 
grounded  during  both  irradiation  and  anneal,  and  the  oxide  field 
in  all  devices  was  approximately  1  MV/cm  for  power  MOSFETs 
and  2  MV/cm  for  Sandia  and  Honeywell  transistors.  Additional 
details  of  the  radiation  exposures  and  anneals  are  given  below. 

II. A.  International  Rectifier  Power  nMOSFETs 

The  irradiations  were  performed  at  two  different  dose  rates  in  Co- 
60  sources.  Twenty  devices  were  irradiated  at  a  high  dose  rate 
(ISOradfSiOjVs).  Thirteen  devices  were  irradiated  at  a  low  dose 
rate  (3.6x10"*  radfSiO^ys).  All  irradiations  were  performed  at 
room  temperature.  The  maximum  total  dose  for  the  low -dose- 
rate  irradiation  was  1 1 .8  krad(Si02).  The  total  doses  for  the  high- 
dose-rate  irradiation  were  6, 9,  and  1 1.8  kradfSiO^).  Following 
high-dose-rate  irradiation,  devices  were  annealed  for  168  hours 
at  I00°C  [9- 12].  The  data  displayed  for  each  experiment  are  the 
average  of  all  devices  tested.  Standard  deviations  are  typically 
too  small  to  be  visible  on  the  plots. 

II.B.  Sandia  nMOS  transistors 

A  total  of  six  devices  was  irradiated;  three  at  a  low  dose  rate  and 
three  at  a  high  dose  rate.  The  low-dose-rate  irradiation  was 
performed  in  a  Cs- 137  source  at  a  dose  rale  of  0. 17  rad(Si02)/s  to 
a  total  dose  of  500  krad(Si02).  The  high-dose -rate  irradiation 
was  performed  in  a  Co-60  source  at  400  rad(Si02)/s  to  a  total  dose 
of 300  kradCSiOj).  Following  the  high-dose-rate  irradiation,  one 
group  of  devices  was  annealed  for  168  hours  at  100®C.  Device- 
to-device  response  varied  by  less  than  ±5%  [11]. 

n.C.  Honeywell  nMOS  transistors 

Four  devices  were  irradiated  in  Co-60  sources.  Two  were 
irradiated  at  a  high  dose  rate  (240  rad(SiOj)/s)  to  a  total  dose  of 
2000  krad(SiOj).  Two  devices  were  irradiated  at  a  low  dose  rate 
(4.7  rad(Si02)/s)  to  a  total  dose  of  2000  krad(Si02).  Following 
the  high-dose-rate  irradiation,  devices  were  aimealed  for  168 
hours  at  100®C.  Device-to-device  response  varied  by  less  than 
±5%  [12]. 
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Fig.  1  Threshold-voltage  shifts  (AV.j.)  contributions  of  oxide- 
trapped  charge  (AV^)  and  interface-trapped  charge  (AV^^)  for  IRFi50 
power  MOSFETs  irradiated  at  the  low  dose  rate. 

10-1 - — - 1 


-2  -1.6  -1.2  -0.8  -0.4  0 

Threshold-Voltage  Shift  [V] 

Fig.  2  Histogram  of  the  threshold- voltage  shift  for  low-dose-rate 
irradiation  at  a  total  dose  of  11.8  krad(Si02). 

m.  RESULTS 

in.A.  International  Rectifier  Power  nMOSFETs 

Figure  1  shows  the  threshold- voltage  shifts  and  contributions  of 
oxide- trapped  charge  and  interface- trapped  charge  to  these  shifts. 
The  densities  of  interface-napped  charge  and  oxide-trapped 
charge  increase  almost  monotonically.  Figure  I  illustrates  that 
the  buildup  of  both  oxide-trapped  charge  and  interface-trapped 
charge  is  large  in  these  devices,  which  results  in  a  smaller  net 
threshold-voltage  shift  Figure  2  shows  a  histogram  of  the 
threshold-voltage  shifts  at  11.8  krad(Si02)  indicating  that  the 
part-to-part  variation  in  the  threshold-voltage  shift  is  relatively 
small. 

Figures  3(a)  -  (c)  show  threshold-voltage  shifts  for  high-dose- 
rate  irradiation  at  6,  9,  and  1 1.8  krad(Si02)  followed  by  high- 
temperature  anneal  at  100**C  for  168  hours.  From  these  figures, 
it  is  observed  that  there  is  a  larg  buildup  of  oxide- trapped  charge 
during  irradiation  which  contnbutes  to  the  large  shift  in  the 
threshold  voltage.  During  anneal,  there  is  a  reduction  in  the 
density  of  oxide-tr^ped  charge,  but  the  inferred  interface- 
trapped  charge  density  first  increases  rapidly  in  the  first  few 


124 


Voltage  Shifts  [V]  Voltage  Shifts  (V]  Voltage  Shifts  fV) 
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hours  of  the  anneal,  and  then  decreases  slowly.  A  decrease  m 
A  V  j,  at  1 00*C  does  not  necessarily  imply  a  decrease  in  the  densi  ty 
of  interface  traps,  but  may  indicate  the  presence  of  border  traps 
[14-16],  The  density  of  the  oxide-trapped  charge  decreases 
monotonically  during  the  entire  anneal  time. 

Figures  4  and  5  show  contributions  of  oxide -trapped  charge  and 
interface-trapped  charge  to  the  threshold-voltage  shift  for  low- 
dose-rate  irradiation  and  high-dose-rate  irradiation.  Figure  4  il¬ 
lustrates  that  AV„  for  the  low-dose-rate  irradiation  is  approxi¬ 
mated  by  AV^  following  the  high-dose-rate  irradiation.  This 
near  equality  is  consistent  with  the  slow  room -temperature  an¬ 
nealing  rate  for  trapped  holes  in  these  devices.  Similariy,  AV 
for  the  low-dose-rate  irradiation  is  approximated  by  AV;,  fol¬ 
lowing  high-dose-rate  irradiation  plus  lOC’C  aimeal  (Fig.  5). 
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Fig.  3  Threshold-voltage  shifts  (AV.^)  a"'*  contributions  of  oxide- 
trapped  charge  (AV  J  and  interface-trapped  charge  (AVj,)  for  IRF150 
power  MOSFETs  irradiated  at  high  dose  rate  followed  by  anneal  at 
100°C  for  a)  6  krad(SiOj),  b)  9  krad(SiOj),  c)  12  krad(SiOj)  doses. 


III.B.  Sandia  nMOS  transistors 

Figure  6a  shows  the  threshold-voltage  shifts  for  the  Sandia 
transistors  irradiated  at  the  low  dose  rate  (0. 17  rad(SiOj)/s)  [11]- 
The  contributions  of  interface-trapped  charge  to  the  threshold 
voltage  shift  are  larger  than  the  contributions  of  the  oxide- 
trapped  charge.  This  causes  the  threshold  shift  to  be  positive. 
Figure  6b  shows  the  threshold-voltage  shifts  for  Sandia  transis¬ 
tors  irradiated  at  the  high  dose  rate  (400  rad(SiOj)/s).  During 
irradiation  there  is  a  larger  buildup  of  oxide-trapped  charge  than 
for  the  low-dose-rate  case,  as  expected  for  these  devices  [6,8,1 1]. 
High-temperaturearmeal  increases  the  density  of  interface-trappied 
charge. 

III. C.  Honeywell  nMOS  transistors 

Figure  7a  shows  the  threshold-voltage  shifts  for  the  Honeywell 
transistors  irradiated  at  the  low  dose  rate  [12].  The  buildup  of 
both  AV  and  AV  during  low-dose-rate  irradiation  is  small, 
which  leads  to  a  sr^  shift  in  the  threshold  voltage.  Figure  7b 
shows  the  threshold- voltage  shifts  for  Honey  well  parts  irradiated 
at  a  high  dose  rate  and  armealed  at  1(X)°C  for  168  hours.  Here,  the 
density  of  interface-trapped  charge  remains  relatively  constant 
during  annealing,  and  may  even  decrease  slighdy. 

IV.  DISCUSSION 

In  the  power  MOSFETs  tested  here  (as  well  as  other  commer¬ 
cial  power  MOSFETs  that  were  tested),  no  rebound  is  observed; 
the  failure  mechanism  is  reduction  of  the  threshold  voltage  due 
to  oxide-trapped  charge.  Method  1019.4  provides  a  bound  for 
this  failure  mechamsm,  but  Fig.  8  illustrates  that  the  actual  thresh¬ 
old-voltage  shift  at  low  dose  rales  is  less  than  this  bound.  This 
may  lead  to  rejection  of  parts  that  will  function  well  in  a  space 
environment  [9, 17].  It  would  be  valuable  to  obtain  a  better  esti¬ 
mate  of  the  low  dose  rate  threshold-voltage  shift  to  effectively 
select  parts  for  space  applications. 

For  the  power  MOSFETs  tested  here,  AV^  resulting  from  the 
low -dose-rate  irradiation  is  approximately  the  same  as  that  fol¬ 
lowing  high-dose-rate  irradiation,  as  shown  in  Fig.  4.  Similarly, 
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Fig.  4  Contributions  of  oxide -trapped  charge  to  the  threshold- voltage 
shift  of  the  IRF  power  MOSFETs  for  high-dose- rate  irradiation  at  150 
rad(Si02)/s  (closed  symbols),  and  low-dose-rate  irradiation 
at  3.6  X  10"*  rad(SiOJ/s  (open  symbols). 
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Fig.  5  Contributions  of  interface-trapped  charge  to  the  threshold- volt¬ 
age  shift  of  the  IRF  power  MOSFFTs  for  high  dose  rate  irradiation 
(closed  symbols)  followed  by  anneal  at  100"C  for  168  hours,  and  for 
low-dose-rate  irradiation  (open  symbols).  The  solid  lines  represent  the 
value  of  AV,,  at  6.  9  and  12  krad(Si)  for  low-dose-rate  irradiation. 

AV.  following  low-dose-rate  irradiation  is  approximately  the 
same  as  that  resulting  from  high-dose-rate  inadiation  followed 
by  high-temperature  annealing,  as  shown  in  Fig.  5.  This  sug¬ 
gests  that,  for  these  devices,  a  good  estimate  for  the  threshold- 
voltage  shift  resulting  from  the  low-dose-rate  irradiation  can  be 
obtained  by  adding  AV^  at  the  end  of  the  high-dose-rate  iiradia- 
tion  and  AV;,  at  the  end  of  the  high-temperature  anneal.  In  this 
case,  the  actual  threshold-voltage  shift  at  low-dose-rates  can  be 
estimated  from  the  foUowing  equation,  where  AV,,  is  obtained 
immediately  after  irradiation  and  AV;,  is  obtained  following  the 
high-temperature  anneal  [9]: 

AV^(LDR)  =  AV^(HDR)  -t-  AV.,(HDR  -h  100°C  anneal).  ( D 

Table  1  demonstrates  the  application  of  this  method  to  the  data 
of  Fig.  3  to  estimate  the  threshold-voltage  shift  at  doses  of  6, 9 
and  11.8  krad(SiOj).  Figure  9  plots  the  threshold-voltage  shift 
vs.  total  dose  and  allows  comparison  with  the  predicted  values 


Total  Dose  [krad(Si02)] 


Dose  [krad(SiOj)]  Anneal  Time  [hours] 


.  6  Threshold-voltage  shifts  (AV,.)  and  contributions  of  oxide- 
aped  charge  (AVJ  and  interface-trapped  charge  (AV,,)  for  Saidia 
asistors  irradiated  at  a)  low  dose  rate  to  5(X)  krad(SiOj),  and  b)  hig 
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from  eq  (1).  This  figure  shows  that  this  method  accurately  es¬ 
timates  the  threshold-voltage  shift  due  to  low-dose-rate  lomz- 
ino  radiation  for  these  power  MOSFETs.  In  these  devices,  re¬ 
bound  was  not  observed  This  method  is  not  appropriate  for 
devices  in  which  rebound  occurs,  for  reasons  discussed  in  Ap- 
pendix  A. 

Equation  (1)  was  also  tested  for  the  Sandia  and  Honeywell  tran- 
sisters.  Table  2  and  Figure  10  Ulustrate  the  application  of  eq.  (1) 
to  Sandia  and  Honeywell  transistors.  Figure  10a  shows  that  eq. 
(1)  produces  an  accurate  estimate  of  the  low-dose-rate  thresh¬ 
old-voltage  shift  for  the  Sandia  transistors  at  the  dose  rate  shown; 
while  for  the  Honeywell  devices,  the  threshold-voltage  shift  is 

overestimaied. 

It  is  worthwhile  to  understand  why  the  proposed  method  works 
for  some  device  types,  but  not  for  others.  For  this  method  to 
work  as  intended,  the  oxide-trapped  charge  due  to  low-dose- 
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Table  1:  The  threshold- voltage  shift  for  power  MOSFETs  at  three  different  total  doses. 


Total  Dose  [krad(Si02)] 

AV^(HDR) 

AVj,(HDR+  100°  C) 

LDR  AV.j,(Estimated) 

LDR  AV.j.(Measured) 

%  Error 

6 

-1 

0.39 

-0.61 

-0.67 

8,5 

9 

-1.47 

0.49 

-0.98 

-0.89 

10 

11.8 

-1.9 

0.89 

-1.01 

-1.08 

6.3 

Fig.  7  Threshold-voltage  shifts  (AV^)  and  contributions  of  oxide- 
trapped  charge  (AV^^^)  and  interface-trapped  charge  (AV^^)  for  Honeywell 
transistors  irradiated  at:  a)  low  dose  rate  to  2000  kradfSiOj).  and  b)  high 
dose  rate  to  2000  kradfSiOj),  followed  by  anneal  at  100®C  for  168  hours. 

rate  irradiation  should  be  the  same  as  that  following  irradiation 
at  the  dose  rates  specified  in  MIL-STD-883D  Method  1019.4, 
and  the  interface-trap  density  following  low-dose-rate  irradia¬ 
tion  should  be  the  same  as  that  following  irradiation  at  1019.4 


Total  Dose  [krad(SiO,)] 

Rg.  8  Threshold-voltage  shift  for  actual  low-dose-rate  irradiation  (open 
symbols),  and  upper  bound  and  lower  bound  at  12  krad(Si02j  set  by 
Method  1019.4  for  power  MOSFETs  [9]. 


Total  Dose  [krad(Si02)] 

Fig.  9  Threshold- voltage  shift  for  low-dose- rate  irradiation  (open 
symbols),  and  predicted  threshold-voltage  shifts  (closed  symbols). 

rates  and  subsequent  annealing.  In  the  case  of  the  power 
MOSFETs,  both  of  these  assumptions  are  satisfied.  In  particu¬ 
lar,  the  relatively  thick  gate  oxide  used  in  these  power  MOSFETs- 
(approximately  100  nm)  does  not  exhibit  much  annealing  at  room 
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Table  2;  Threshc 

Device  types 

3ld-voltaee  shift 

AV^  (HDR) 

s  for  Sandia  and 

AV.J  (HDR  + 

100®C  anneal) 

Honeywell  dev 

AV^(LDR) 

ces. 

AV^(LDR) 

LDR  AV.J. 
(Estimated) 

LDR  AV.J, 
(Measured) 

%  error 

Sandia 

-0.38 

0.66 

-0.22 

0.49 

0.28 

0.27 

4 

Honeywell 

-0.56 

0.16 

-0.4 

0.21 

-0.4 

-0.18 

122 

Fig.  10  Threshold-voltage  shift  {^\^)  for  the  low-dose  rate  irradiation 
(open  symbols)  and  predicted  threshold-voltage  shift  for  (a)  Sandia 
devices,  and  (b)  Honeywell  devices. 

temperature,  so  the  oxide-charge  densities  following  irradiation 
at  the  different  dose  rates  are  approximately  equal. 

For  the  Sandia  transistors  neither  of  these  assumptions  is  very 
accurate,  as  indicated  in  Table  2.  Here,  AV^(HDR)  exceeds 
AV  (LDR)  by  73%  in  magnitude,  and  AV.^(HDR  -i-  100°C  an- 
neaT)  exceeds  AV.,(LDR)  by  35%.  However,  at  the  particular 
low  dose  rate  used,  the  algebraic  errors  in  estimating  AV^  and 
AV  approximately  balance  each  other,  fortuitously  producing 
an  accurate  estimate  of  AV.^-  If  another  dose  rate  had  b^n  used 
for  the  low -dose-rate  experiment  involving  the  Sandia  parts 
[6,11],  the  agreement  would  not  have  been  as  good.  The  thresh¬ 


old-voltage  estimate  for  the  Honeywell  transistors  is  not  very 
accurate  because  there  is  significant  annealing  of  the  oxide  charge 
during  the  low-dose-rate  irradiation  (AV^i(HDR)  exceeds 
AV  (LDR)  by  40%  in  magnimde),  while  there  is  a  decrease  m 
interface-trap  density  during  the  high-temperature  aimeal 
(AV  (HDR  -I-  100°C  anneal)  is  less  than  AV^^(LDR)  by  24%). 
This  leads  to  an  overestimation  of  the  threshold-voltage  shift.  It 
is  possible  to  assess  the  error  made  by  using  eq.  (1)  in  some 
simple  model  cases.  A  more  rigorous  treatment  of  eq.  (1)  is 
included  in  appendix  A. 

IV.  CONCLUSION 

A  method  for  estimating  the  shift  in  the  threshold  voltage  m 
MOSFETs  exposed  to  low -dose-rate  ionizing  radiation  typical  of 
space  environments  has  been  evaluated.  The  arithmetic  sum  of 
AV  after  high-dose-rate  irradiation  and  AV^, after  high-dose -rate 
irradiation  foUowed  by  lOO^C  anneal  for  168  hours  is  compared 
to  the  threshold-voltage  shift  due  to  low-dose-tate  ionizing 
radiation.  This  simple  method  was  tested  for  three  different 
technologies.  The  method  is  effective  for  commercial  power 
MOSFETs  which  have  very  low  annealing  rates  for  oxide- 
trapped  charge.  Of  the  two  integrated  technologies  e  valuated,  the 
method  correcUy  predicts  the  low-dose-rate  thre,  hold-volmge 
shift  for  one.  but  not  for  the  other.  In  the  case  where  the  method 
yields  the  correct  result,  the  agreement  appears  to  be  coinciden¬ 
tal.  These  results,  coupled  with  the  necessity  for  transistor-level 
test  structures,  suggests  that  the  proposed  method  is  applicable 
primarily  to  power  MOSFETs  that  exhibit  slow  annealing  of 
oxide-tr^ped  charge  and  no  rebound  during  low-dose-rate  irra¬ 
diation. 
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APPENDIX  A 

The  threshold-voltage  shift  for  the  low-dose-rate  irradiation  is 
given  by  eq.  (Al). 

AV^(LDR)  =  AV^(LDR)-hAV^(LDR)  ' 

The  predicted  threshold-voltage  shift  for  the  low-dose-rate  irra¬ 
diation  can  be  estimated  from  eq.  (A2),  assuming  that  AV„(LDR) 

-  AVj,(HDR  -h  100°C  anneal)  and  AV^(LDR)  “  AV_^(HDR).  Smce 
this  assumes  that  oxide-charge  annealing  is  negligible,  the  lower 
the  anneal  rate,  the  better  the  approximation. 

AV^(LDR)  =  AV^(HDR)  +  AVj,(HDR  -t-  100°C  anneal)  (A2) 

The  only  other  way  that  eq.  (A2)  can  be  accurate  is  if. 

AV__(HDR)-AV^(LDR)=  (A3) 

AV.,(LDR)  -  AVj,(HDR  -i-  lOCC  anneal). 

where  AV^(HDR)  -  AVJLDR)  and  AV.,(LDR)  -  AV, 
(HDR-^100“C)  are  negative  numbers,  or  equivalently  if: 

I  AV^(HDR)  I  -  I  AV^(LDR)  |  (A4) 

=  AV,,(HDR-i-  lOO'Q  -  AV.,(LDR), 

where  1AV^(HDR)  [  -  |AV^(LDR)  |  andAV„(HDR  -H  lOO'C) 

-  AV  (LDR)  arc  positive  numbers.  Equation  (A4)  indicates  that 
eq.  (A2)  is  accurate  if,  and  only  if,  the  amount  by  which 
I  AV__,(li)R)  I  overpredicts  |  AV__,(IJDR)  [  is  equal  to  the  amount 
by  which  AVj,(HDR  -i-  lOO^Q  overpredicts  AV.  (LDR).  Even  if 
cq.  (A4)  were  satisfied  at  one  total  dose  or  dose  rate,  it  would 
not  have  to  be  true  at  others. 

As  an  additional  simple  example,  consider  a  device  that  shows 
AV  (HDR) =-lV and  AVj^(HDR+  100®C anneal)  =  + 1 V.  Then, 
AV.j.(LDR)  predicted  from  cq.  (A2)  =  -  IV  -i- 1 V  =  OV.  However, 
if  the  Co-60  irradiation  takes  ^proximately  10^  s.  and  space 
Ufetime  is  about  10  yr  (3x  10®s).  there  are  5.5  decades  of  anneal¬ 
ing.  Assuming  that  AVj^(LDR)**AV^(HDR+  100“C  anneal)  and 
the  anneal  rate  of  oxide-trapped  charge  at  room  temperature  is 
about  6%/decade,  the  actual  AV.j.(LDR)  will  instead  be  0.33V 
(the  diff erence  is  greater  for  higher  annealing  rates) .  The  increase 
in  the  threshold  voltage,  combined  with  the  reduced  mobility  due 
to  scattering  from  radiation-induced  charges,  would  reduce  the 
current-drive  capability.  This  emphasizes  the  importance  of 
excluding  devices  that  exhibit  rebovmd  from  this  test,  even  for 
cases  where  the  annealing  rate  is  relatively  small. 
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IV.I.  The  Surface  Generation  Hump  in  Irradiated  Power  MOSFETs 
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Abstract 

A  method  of  quantifying  near  midgap-level  interface 
traps,  capture  cross  section,  and  changes  in  oxide-trapped 
charge  using  a  surface  generation  hump  in  the 
subthreshold  curve  (1^  vs.  V,)  of  power  MOSFETs  is 
developed.  The  surface  generation  hump  is  a  result  of  the 
generation  of  carriers  from  traps  at  the  depleted  Si-SiOj 
interface  in  a  gated  diode-type  structure.  The  charge 
neutrality  point  of  the  hump  is  determined,  and  shifts  of 
this  point  are  due  solely  to  changes  in  oxide-trapped 
charge.  Another  point  is  used  to  determine  the  stretchout 
of  the  hump,  and  thus  the  interface  trap  density.  With  the 
interface  trap  density  determined,  the  capture  cross  section 
is  extracted  from  the  surface  generation  velocity. 

I.  Introduction 

The  space  environment  creates  various  types  of  damage  in 
semiconductor  devices  [1],  For  many  years,  separation 
techniques  have  been  developed  to  quantify  each  of  these 
effects  and  determine  the  impact  of  each  on  device 
performance.  With  the  knowledge  of  how  each  effect  alters 
the  device  perfonnance,  reliability  and  long-term  use  of 
electronic  devices  may  be  improved 

This  paper  describes  a  technique  to  quantify  interface  trap 
density,  capture  cross  section,  and  oxide-trapped  charge  by 
using  a  hump  which  appears  in  the  subthreshold  (log  vs. 
curve  of  a  DMOS  (double-diffused  metal  oxide  semiconductor) 
transistor,  shown  in  Figure  1.  The  hump  is  a  result  of  net 
generation  of  carriers  from  interface  traps  in  a  reverse  biased 
gated  diode  region  of  the  DMOS  transistor  (specifically,  the 
neck  region).  When  the  gate  bias  in  this  region  causes 
depletion  of  carriers  under  the  gate,  generation  of  carriers  from 


interface  traps  occurs.  However,  when  the  gate  bias  causes 
inversion  or  accumulation,  one  type  of  carrier  greatly 
oumumbers  the  other,  and  generation  is  extinguished.  Thus  a 
hump  is  aeated  as  the  gate  bias  is  swept  from  inversion  to 
depletion  to  accumulation  in  the  neck  region  of  the  DMOS 
transistor. 


Figure  I.  The  drain  current  vs.  gate  voltage  plot  of  a  DMOS  transistor. 
The  subthreshold  hump  appears  between  the  range  of  0  and  *1  volts. 


A  detailed  model  of  the  hump  will  be  described  first  The 
model  is  used  to  identify  and  quantify  the  different  currents  of 
the  hump.  The  model  uses  theory  developed  by  Grove  and 
Fitzgerald  [2,3].  However,  certain  aspects  of  the  hump  cannot 
be  described  by  this  theory.  Grove  and  Fitzgerald  assume  that 
generation  under  the  gate  is  constant  laterally.  The  work  of 
Pierret  [4]  corrects  this  assumption.  The  relevant  parts  of  his 
work  are  added  to  the  model. 
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Using  the  hump  model,  the  varying  effects  of  interface 
traps  and  oxide-trapped  charge  can  be  separated  through 
knowledge  of  how  each  affects  the  generation  hump.  Oxide- 
trapped  positive  charge  shifts  the  hump  negatively.  Increases 
in  interface  traps  have  multiple  effects:  increasing  the  hump 
current  while  also  stretching  out  the  hump.  Changes  in  capture 
cross  section  change  only  the  hump  current,  not  the  stretchout 
of  the  hump. 

Tlie  hump  charge  separation  technique,  as  it  will  be  called, 
simply  extracts  the  three  parameters  from  changes  in  the  hump. 
Voltage  shifts  in  the  charge  neutral  point  determine  solely  the 
oxide-trapped  charge.  Interface  trap  density  is  determined 
from  the  width  of  the  hump.  With  die  interface  trap  density 
determined,  an  average  capture  ctoss  secdon  can  be  extracted 
from  the  surface  generation  velocity,  which  is  measured  from 
the  peak  of  the  hump. 

The  effects  of  ionizing  radiation  on  power  MOSFETs  are 
analyzed  using  the  hump  charge  separation  techmque  and  the 
charge  separation  technique  of  McWhorter  and  Winokur  [5]. 
The  results  indicate  that  the  hump  charge  separation  technique 
measures  interface  traps  near  midgap,  which  is  different  from 
other  charge  separation  techniques.  Possible  uses  for  the 
technique  are  described. 

n.  HUMP  THEORY 

A.  Gated  Diode  Effect 


gate 

•OUrce  / 


n+ 

body  'P 

\  neck  y  n+ 

\  /  P  body 

channels 

■  ^ 

drain 

•) 

gate 

touroo  r 

P+ 

n 

substrata 

b) 


Figure  2.  The  device  structures  for  a)  a  unit  cell 
rf  the  DMOS  transistor  and  b)  a  gated  diode. 
Both  structures  are  similar  when  the  channel  of  the 
DMOS  is  off  and  the  drain-body  junction  is 
reverse -biased. 


An  unusual  difference  between  subthreshold  (log  vs.  V^) 
curves  of  DMOS  and  integrated  MOSFETs  is  a  small  hump 
which  appears  in  the  characteristics  of  the  DMOS  transistor 
but  which  is  not  present  in  integrated  MOSFETs.  The 
subireshold  hump  is  shown  in  Figure  1  between  -1  and  0 
volts.  This  unusud  hump  ensues  from  the  device  structure  of 
the  DMOS  device,  shown  in  Figure  2(a).  When  biased  with 
the  channel  turned  off  (drain-positive,  source-grounded,  and 
gate-less  than  the  threshold  voltage),  the  DMOS  structure 
resembles  a  reversed  biased  gated  diode,  shown  in  Figure  2(b). 
As  the  gate  voltage  is  swept  from  negative  to  positive,  the 
neck  region  of  the  DMOS  transistor  progresses  from  inversion 
to  accumulation.  When  the  gate  voltage  causes  depletion  at 
the  surface  and  the  drain-body  junction  is  reverse  biased, 
generation  from  interface  traps  occurs. 

The  current  components  of  a  reverse  biased  gated  diode  are 
shown  in  Figure  3.  A  small,  constant  (with  respect  to  the  gate 
bias)  current  is  generated  from  the  depletion  of  carriers  from 
the  junction.  Additional  current  occurs  due  to  the  generation 
of  carriers  in  the  gate-modulated  depletion  region.  This 
current  is  zero  when  the  gate  bias  causes  accumulation, 
because  there  is  no  depletion  region.  The  current  rises  as  the 
gate  bias  causes  the  depletion  region  to  expand  until  the 
interface  is  inverted,  when  the  current  remains  constant  A 
third  current  arises  <Mily  when  the  surface  is  depleted. 
Generation  of  carriers  from  interface  traps  occurs  only  when 
the  surface  is  depleted.  During  inversion  or  accumulation,  the 
surface  is  dominated  by  one  type  of  carrier,  thus  no  generation 
occurs.  Combining  these  currents  results  in  a  hump  when  the 
gate  bias  is  swept  with  the  junaion  reverse  biased  . 


Figure  3.  Typical  characteristi  c  of  a  gated  diode  fabricated  on  an  n-type 
substrate.  The  current  is  composed  of  three  components:  a)  a  constant 
reverse  biased  junction  current,  b)  a  gate  modulated  generation  current, 
and  C5  a  surface  generation  current.  Note  threshold  and  flatband  voltages 
bouna  the  surface  generation  hump. 


B.  DMOS  Hump 

The  hump  which  occurs  in  the  subthreshold  curve  of  a 
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DMOS  transistor  is  due  to  the  presence  of  a  gated  diode 
structure.  However,  due  to  the  structure  of  the  DMOS 
transistor,  extra  currents  are  also  present  in  the  gate  voltage- 
drain  current  plot.  At  high  gate  voltages,  the  channel  turns  on. 
An  exponentially  rising  subthreshold  current  flows  as  the  gate 
voltage  approaches  the  threshold  voltage.  Typically,  this 
subthreshold  current  becomes  significant  at  higher  gate 
voltages  beyond  the  range  of  the  hump;  thus  the  subthreshold 
current  does  not  add  to^the  hump  current 

Another  current  adds  to  the  hump  when  the  channel  region 
is  depleted.  The  leakage  on  the  inversion  side  of  the  hump  is 
actually  smaller  than  the  leakage  on  the  accumulation  side  for 
a  DMOS  device  (note  the  difference  between  Figures  3  and  4). 
Also  the  magnitude  of  the  hump  is  higher  near  accumulation 
rather  than  inversion.  The  added  leakage  occurs  from  surface 
generation  from  interface  traps  in  the  channel  region,  similar 
to  the  surface  generation  from  interface  traps  in  the  drain 
region.  The  differences  are  that  the  channel  area  is  smaller 
than  the  drain  area  and  that  the  channel  has  different  flatband 
and  threshold  voltages.  This  generation  current  in  the  channel 
increases  similarly  to  the  drain  generation  current  when  the 
device  is  damaged  by  radiation  or  other  stressing. 

C.  Grove-Fitzgerald  Model 

The  surface  generation  rate  for  a  single  interface  trap  at  a 
single  energy  is  given  by  [6] 


the  carrier  concentrations  are  approximately  equal.  The  third 
factor  is  the  deviation  from  equilibrium.  Converting 
recombination  rate  to  current  requires 

I,=qAU,  (3) 


where  A  is  the  area  under  the  gate.  Figure  4  shows  the  use  of 
(2)  and  (3)  in  modeling  the  hump.  The  figure  shows  measured 
humps  for  different  drain  voltages  and  the  results  of  the  model 
overlaid  upon  them. 


*  E  -E  W 

p,*n.*2niCosh(^^) 

where  n,  and  p,  are  the  electron  and  hole  surface 
concentrations  for  the  area  of  interest,  a*  is  the  average  capture 
CToss  section,  v^,  is  the  thermal  velocity  of  carriers,  is  the 
areal  density  of  interface  traps,  Ei^  is  the  interface  trap  energy, 
and  E^  is  the  intrinsic  energy. 


Gate  Voltage  (V) 

Figure  4.  Hie  modeling  of  the  subthreshold  hump  in  a  DMOS  device 
with  equations  (2)  and  (3).  The  model  (circles)  accurately  describes  the 
left  side  of  the  measured  hump  (lines);  however,  the  added  leakage  from 
the  channel  surface  generation  cannot  be  modeled.  Thus  the  hump 
current  grows  toward  accumulation,  while  the  model  does  not  The  bulk 
constant  current  has  been  added  to  the  model. 

The  peak  current  occurs  when  the  concentrations  of  the 
holes  and  electrons  are  equal  (n^^pj.  Using  this  condition  in 
(2)  and  (3),  the  peak  current  is 


The  recombination  rate  for  a  uniform  distribution  of 
interface  tr^  energies  is  found  by  integrating  (1)  over  the 
entire  distribution  of  interface  traps  to  acquire  [3], 


^  ,  arccos(«^-5-^) 


l-( 


211, 


(2) 


I  =qAD^(7,Vj,kTni 


aiccos(e 


.Vd 

kT. 


(e  *^^-1) 


1-e 


kX 


where  for  sufficient  junction  bias,  »  kT, 

Ip=qAD^(7,Va,kTyni, 


(4) 


(5) 


where  the  rate  is  composed  of  three  factors  which  represent 
three  different  physical  effects.  The  first  factor  is 
characteristic  of  the  traps,  their  density  and  capture  cross 
section.  The  second  factor  depends  on  carrier  concentrations 
and  defines  the  shape  of  the  hump.  This  factor  peaks  when 


which  is  the  maximum  surface  generation  current  [2]. 

The  hump  expands  with  greater  drain  voltage  because  of 
the  widening  depletion  region  due  to  the  body  effect  [7].  A 
biased  substrate  contact,  like  the  drain  contact  of  a  DMOS 
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device,  depletes  the  surface.  In  order  for  the  surface  to  invert, 
-26f  +  V,  in  surface  potential  is  required  instead  of  just  -2(t>,. 
Thus  the  range  of  surface  potentials  for  depletion  inaeases 
with  increasing  substrate  (drain)  bias,  and  the  hump  widens. 

D.  Pierret's  Correction 

The  model  detaUed  in  n.C.  adequately  describes  surface 
recombination-generation  processes  in  semiconductor  devires 
for  most  cases.  However,  the  model  ignores  the  .  fact  that 
carriers  which  are  either  generated  or  recombine  must  flow  to 
the  electrode  to  be  counted  as  current  Typically  these  (^ers 
must  diffuse,  thus  requiring  a  slope  in  the  quasi-Fermi  level. 
The  Grove-Fitzgerald  model  assumes  constant  quasi-Fermi 
levels  laterally  separated  by  the  applied  junction  bias. 

Pierret  [4]  modified  the  model  of  Grove  and  Fitzgerald  to 
describe  reduced  generation  from  the  lateral  slope  of  the  quasi- 
Fermi  level.  In  order  for  carriers  to  diffuse,  a  slope  of  the 
quasi-Fermi  level  is  required.  This  requirement  arises  directly 
from  the  current  equation. 


When  the  carrier  concentration  is  low  (depleted),  a  large  slope 
of  the  quasi-Fermi  level  is  required.  However,  the  slope  of  the 
quasi-Fermi  level  reduces  generation  farther  from  the  junction, 
similar  to  lowering  the  applied  junction  reverse  bias  or  raising 
the  surface  concentrations  of  holes  and  electrons.  Thus  a  non¬ 
constant  (laterally)  generation  rate  occurs.  Overall,  the 
generation  produced  is  less  &an  diat  predicted  by  Grove  ai^ 
Fitzgerald.  Thus  the  apparent  surface  generation  velocity  will 
be  smaller  than  the  ttue  surface  generation  velocity.  Figure  5 
shows  simulated  results  of  the  ratio  of  reduced  surface 
generation  velocity  to  true  surface  generation  velocity. 
Simulations  were  performed  usmg  ATLAS  n  SPISCES  with 
various  gate  lengths. 
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Figure  5.  The  ratio  of  measured  s^'  to  the  true  (iniwt)  as  a  function  of 
the  true  s^.  Various  gate  lengths  are  shown,  was  extracted  from  the 
peak  of  the  hump. 


The  slope  of  the  quasi- Fenni  level  occurs  when  the  surface 
concentration  is  low.  Thus  when  the  minority  earner  surface 
concentration  (holes  in  n-type)  is  low,  a  large  sio^  of  the 
quasi-Fermi  level  is  required  Simulations  of  one  point  on  the 
hump  where  the  minority  carrier  concentration  is  low  is  shown 
in  Figure  6.  The  quasi-Fermi  level  slopes  away  from  the 
junction.  With  greater  surface  generation  velocity  (indicated 
by  the  arrow),  the  quasi-Fcmu  level  needs  to  slope  more  to 
attain  a  higher  cunent 
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Figure  6.  The  literal  variation  of  the  minority-canier 
quasi-Fermi  level.  The  surface  generation  velocity  was 
at  1,  5,’ 10,  20,  40,  75,  100,  150.  200.  500,  750.  and 
1000  ctn/s.  The  arrow  shows  the  increase  of  surface 
generation  velocity.  The  drain  bias  was  l.O  V  and  the 
drain  doping  was  1.9  x  10**  cm  *. 

As  with  the  minority  carriers,  the  majority  carrier  quasi- 
Fermi  level  also  needs  to  slope  when  ie  majority  carrier 
concentration  is  low.  Figure  7  shows  the  quasi-Fermi  levels 
of  a  point  on  the  hump  where  the  majority  carrier 
concentration  is  low. 
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Figure  7.  The  variation  of  the  majority-carrier  quasi- 
Fermi  level  vertically.  The  majority-carrier  quasi-Fermi 
level  must  be  sloped  because  carriers  move  venically  to 
the  substrate  contact.  The  arrow  indicates  direction  of 
increasing  surface  generation  velocity.  Simulations  with 
a  of  1,  5,  10,  20,  40.  75,  100,  150,  200,  500.  750,  and 
lOW  cm/s  are  plotted.  The  drain  bias  was  1.0  V  and 
the  drain  doping  was  1.9  x  10**  cm  *. 
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m.  Separation  technique 

A.  Charge  Neutrality  Point  of  the  Hump 


:44'' 


It  is  possible  to  use  the  subthreshold  hump  to  quantify  the 
effects  of  oxide-trapped  charge,  interface  trap  density,  and 
capture  cross  section.  In  order  to  quantify  these  effects  from 
the  hump,  a  charge  neutrality  point  must  be  determined.  The 
hump  charge  separation  technique  relies  on  the  same  basic 
assumption  that  the  McWhorter  and  Winokur  charge  separation 
technique  [5]  relies  on:  that  interface  traps  are  acceptorlike 
above  the  intrinsic  energy  and  donorlike  below  the  intrinsic 
energy.  Thus  at  the  midgap  point  (where  the  Fermi  level 
equals  the  intrinsic  energy  at  the  surface),  no  charge  can  be 
attributed  to  interface  traps.  Voltage  shifts  in  the  midgap  point 
are  due  solely  to  oxide-trapped  charge. 

With  the  surface  generation  hump,  however,  the  Fermi 
level  is  split  into  two  quasi-Fermi  levels  due  to  the  deviation 
from  equilibrium  caused  by  the  junaion  reverse  bias.  With  the 
Fermi  level  split,  questions  arise  as  to  what  condition 
determines  whether  the  interface  traps  are  filled  or  empty.  It 
can  be  shown  that  the  probability  of  a  trap  bemg  occupied  is 
0.5  when  n,-p,  [8].  This  occurs  at  the  peak  of  the  hump 
according  to  the  Grove-Fitzgerald  model;  thus,  the  peak  of  the 
hump  is  the  charge  neutral  point 

According  to  Pierrefs  correction,  as  discussed  above,  the 
true  surface  concentrations  of  minority  carriers  is  increased  due 
to  lateral  diffusion  under  the  gate.  Thus  the  true  n^^p,  point 
occurs  toward  the  accumulation  side  of  the  hump.  We  have 
calculated  the  point  to  be  0.3  to  0.4  V  away  from  the  peak  for 
a  hump  reverse  biased  at  1.0  V  with  a  doping  of  1.9  x  10^* 
cm*^.  Thus  the  n,*p,  point  seems  to  vary  considerably  from 
the  peak  voltage.  However,  because  the  interface  stretchout 
from  one  side  of  the  hump  to  the  other  is  0.15  V  at  most  for 
our  experiments,  a  very  conservative  estimate  of  the  error  in 
oxide-trapped  charge  is  at  most  0.15  V.  For  improved 
accuracy,  a  point  toward  the  accumulation  side  of  the  hump 
could  be  used. 

B.  Midgap  Voltages  of  the  Hump 

With  the  quasi-Fermi  levels  split  at  the  interface,  there  are 
now  two  midgap  voltages  (see  Figure  8).  One  midgap  voltage 
occurs  when  the  majority-carrier  quasi-Fermi  level  equals  the 
midgap  energy,  the  other  when  the  minority-carrier  quasi- 
Fermi  level  equals  the  midgap  energy.  "When  referring  to 
these  two  distinct  points,  we  will  define  them  as  the  majority- 
midgap  and  minority-midgap  points,  respectively. 


Mijortty  Mtdgcp  Minority  Midgap 

Figure  8.  The  energy  band  diagrams  of  the  three  critical  points  for  the 
hump  charge  separation  technique.  The  midgaps  are  defmed  where  each 
of  the  respective  quasi-Fermi  levels  equals  the  intrinsic  energy  at  the 
surface. 


The  surface  potential  at  which  the  minority  midgap 
condition  occurs  is 


(7) 


where  is  the  bulk  potential  in  the  drain  of  the  DMOS 
device.  Using  the  appropriate  surface  concentrations  for  (7) 
and  placing  them  in  (2)  and  (3),  one  finds  the  midgap  current 
of  the  hump, 
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Both  midgap  and  peak  (equation  (4))  currents  can  be 
calculated,  however,  only  if  and  a,  are  known.  The  peak 
current  can  be  fouiKi  experimentally  from  the  left  side  of  the 
hump  in  DMOS  devices  (see  Figure  9).  In  addition,  if  one 
examines  both  (8)  and  (4),  the  ratio  of  peak  to  midgap  current 
can  be  found. 
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The  ratio  is  a  very  complex  function  of  drain  or  junction  bias 
voltage.  However,  the  rmction  does  not  depend  upon  or 
o,.  Thus  when  radiation  or  other  stress  causes  changes  in  trap 
densities  and  capture  cross  section,  the  ratio  of  peak  to  midgap 
current  remains  constant  In  other  words,  tibe  hump  increases 
proportionally  when  damaged.  Thus  the  minority  midgap 
current  can  always  be  found,  because  the  ratio  never  changes 
with  radiation,  stressing,  etc.  For  »  kT,  the  ratio  is  about 
1.3.  For  -  0.1  V  (typical  drain  voltage  for  subthreshold 
measurements),  the  ratio  is  about  1.2. 


Figure  9.  Subthreshold  drain  current  vs.  gate  voltage,  illustrating  the 
subthreshold  hump.  The  critical  points  for  the  hump  charge  separation 
technique  are  shown,  minority  midgap,  majority  midgap.  and  the  peak 
voluge.  The  peak  current  is  obtained  from  the  left  side  of  the  hump 
away  from  the  channel  surface  generation  component  Midgap  and  peak 
currents  are  shown.  Energy  bands  cut  in  the  vertical  direction  are  shown 
above  the  critical  voltages  to  show  the  placement  of  the  Fermi  levels 
(dashed)  and  intrinsic  level  (solid  middle). 


The  critical  points  for  the  hump  are  shown  in  Figure  9. 
The  extracted  peak  current  is  found  from  die  left  side  of  the 
hump,  because  thk  part  of  the  hump  has  the  smallest  current 
contribution  from  the  body  region.  The  peak  voltage  is  found 
exacdy  in  the  middle  of  the  hump,  because  this  is  where  the 
intrinsic  energy  at  the  surface  is  halfway  between  the  quasi- 
Fermi  levels.  The  minority  midgap  voltage  can  be  found  by 
applying  equation  (9)  on  the  left  side  of  the  hump.  The 
majority  midgap  voltage  has  the  same  generation  current  as  the 
minority  midgap  voltage  because  the  product  of  the  surface 


concentrations  is  the  same.  However,  because  majority 
midgap  is  on  the  accumulation  side  of  the  hump,  the  extra 
leakage  of  the  channel  region  surface  generation  needs  to  be 
added.  Thus  die  majority  midgap  current  is  the  minority 
midgap  current  plus  the  extra  channel  region  surface 
generation  current. 

C.  Determining  Interface  Trap  Stretchout 

The  width  of  the  hump  increases  due  to  surface-potential- 
dependent  interface  charge.  The  minority  midgap  voltage  is 

'-01 


where  AV„  is  the  voltage  shift  due  to  oxide-trapped  charge  and 
is  the  voltage  shift  at  minority  midgap  due  to  interface 

traps. 

The  majority  midgap  voltage  has  a  similar  formula, 

^OX 


except  diat  it  has  a  different  interface-trap  stretchout 
component,  AVu,^,.  Thus  with  more  interface -trapped  charge, 
the  majority  midgap  voltage  moves  farther  away  from  the 
other  midgap  voltage.  Note  that  both  of  these  formulas  have 
unknown  quantities,  Vf,,  AV^,  AVi^^,  and  AVi,„„j,. 
Subtracting  equation  (10)  from  equation  (11)  yields 

4V,=V^j-V^-V^--^v'2q£^<,(v'-d>r"V;,-/^f)  (12) 
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where  AVi,  is  the  combinadon  of  AVi,(^)  and 

AVj,  can  be  experimentaUy  determined  from  the  width  of  the 

tiiwnp  since  all  other  quantities  are  known. 

D.  Determining  Interface  Trap  Density 

In  order  to  convert  AVi,  to  a  trap  density  one  must  know 
the  separation  between  the  intrinsic  energy  at  the  surface  and 
the  n,-p,  level,  or  halfway  between  the  quasi-Fermi  levels.  It 
was  determined  in  IIIA.  tiiat  the  n,-p.  point  demrmines 
whether  the  traps  are  filled  or  empty.  From  Grove-Fitzgerald 
theory  [2,3],  the  separation  between  the  quasi-Fermi  levels  at 
the  two  midgap  points  is  WJ2  from  Figure  9.  Using  this 
assumption,  the  interface-trap  charge  component  between 
majority  and  minority  midgap  is 

(13) 

^ox' 
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where  is  drain  voltage  and  also  the  portion  of  the  bandgap  average  capture  cross  section  of  all  traps  in  the  energy  range 
in  which  the  interface  traps  are  charged.  being  probed  (i.e.,  around  midgap). 


However,  Pierret  has  sho^^^l  that  the  quasi-Fermi  levels  are 
not  constant  laterally,  as  discussed  in  n.D.  Thus  the  separation 
between  the  intrinsic  level  and  the  n,-p,  level  must  be 
determined  from  simulation.  Using  Figures  6  and  7,  which  are 
simulations  of  the  majority  and  minority  midgap  points,  the 
number  of  charged  traps  between  the  majority  and  minority 
midgap  points  can  be  found.  Figure  10  shows  the  average 
energy  interval  for  which  the  traps  will  change  their  charge 
state  as  the  potential  varies  from  majority  to  minority  midgap, 
A6i,  for  various  surface  generation  velocities  and  gate  lengths. 
The  energy  A6t  should  be  used  instead  of  in  (13), 


qA<t>, 


(14) 


where  Adi,  is  extracted  using  Figure  10. 


Figure  10.  The  average  energy,  of  change  in  charged  traps  as  the 
potential  is  varied  from  majority  to  minority  midgap.  The  energy  was 
detennined  with  Figures  7  and  8  using  the  potential  and  the  n*p  point  in 
energy. 


£.  Extracting  Capture  Cross  Section 

The  surface  generation  velocity  can  be  used  to  determine 
the  capture  cross  section  of  the  interface  traps.  The  surface 
generation  velocity  is  taken  from  the  extracted  peak  current 
(see  Figure  9)  of  the  hump,  equation  (4).  Capture  cross 
section  can  be  obtained  from  the  surface  generation  velocity, 

So=Du‘^,Vtt.fkT  (15) 


where  o,  is  the  capture  cross  section.  Note  that  o,  is  the 


IV.  Experiment 

Four  IRF440  n-channel  DMOS  transistors  were  irradiated 
at  a  dose  rate  of  131  rad(Si)/s  to  a  total  dose  of  12  krad(Si). 
The  devices  were  irradiated  with  source  and  drain  contacts 
grounded  and  with  the  gate  bias  set  at  +9  volts.  Both 
threshold  and  subthreshold  characteristics  were  measured  as 
well  as  the  subthreshold  humps  for  drain  biases  of  0.1,  0.3, 
0.5,  1.0,  and  1.5  V.  All  measurements  of  threshold  voluge, 
subthreshold  I-V  characteristics,  and  subthreshold  humps  were 
performed  using  an  HP4145B  semiconduaor  parameter 
analyzer. 

Two  different  anneals  were  performed  on  the  devices  after 
irradiation.  Both  anneals  were  performed  at  a  constant 
temperature  of  100®C  for  168  hours  each.  The  first  anneal 
after  radiation  was  performed  using  a  gate  bias  of  +9  V,  while 
the  second  anneal  was  performed  after  the  first  using  a  gate 
bias  of  -9  V.  Both  source  and  drain  were  grounded. 

The  method  for  determining  drain  doping  in  DMOS 
transistors  [9]  was  used  before  irradiation,  and  all  transistors 
had  a  drain  doping  near  1.9  x  10^^  cm  ^  Drain  area  was 
determined  using  a  C-V  meter  and  found  to  be  0.1  cm^. 

V.  Results 

Figure  11  shows  AV^,  AV^y  and  AVjt  extracted  using  the 
midgap  charge  separation  technique.  After  irradiation  to  12 
krad(Si),  the  threshold  shifted  negatively,  mostly  due  to  oxide- 
trapped  charge.  Afterwards,  a  positive  bias  anneal  was 
performed  at  100®C.  During  the  anneal,  the  oxide-trapped 
charge  was  reduced,  while  the  interface-trapped  charge 
increased  rapidly  and  leveled  off.  After  the  positive  bias 
anneal,  the  gate  bias  was  switched  to  negative.  The  oxide- 


Figure  11.  The  results  of  the  midgap  charge  separation  technique  upon 
irradiated  and  annealed  transistors. 
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interface- trapped  charge  increased  slighdy.  The  reversibility 
of  oxide-trapped  charge  during  switched  bias  anneals  has  been 
attributed  to  border  traps  and  charge  compensation  [10-12]. 

Hump  measurements  were  ako  performed  during  the 
radiation  and  anneal  ejqwriments.  The  change  in  oxide-trapped 
charge,  extracted  from  the  hump,  is  shown  in  Figure  12.  For 
comparison,  the  channel  oxide-trapped  charge  taken  from 
Figure  11  is  also'showa  Overall,  the  oxide-trapped  charge 
over  the  drain  is  slightly  lower  4an  that  over  the  diannel  due 
to  the  slighdy  lower  electric  field  in  the  oxide  during 
irradiation  (in  an  n-channel  device). 

HH2/IRP440 


-2.5  H - ! - ^ ^ - rH - ! - 1 - r- 

0  12  AD  50  100  150/0  50  100  150 

Rad  (krad(Si))  Timo  (hours)  - - 

Figure  12.  The  changes  in  oxide-tiapped  charge  during  radiation  and 
switched  bias  anneab  for  the  midgap  (channel)  and  hump  (drain)  charge 
separation  techniques. 

Immediately  after  irradiation,  the  hump  did  not  widen 
sufficiently  to  allow  estimation  of  the  interface-trap  density 
based  on  the  width  of  the  hump.  Figure  13  shows  the 
interface  trap  density  throughout  the  two  anneals  after 
irradiation.  Both  measured  trap  densities  increase  during  the 
positive  bias  anneal,  yet  with  different  magnitudes.  During  the 
negative  bias  anneal,  the  techniques  indicate  opposite  trends. 


Time  (hours) 

Figure  13.  Changes  in  the  density  of  interface  traps  for  the  midgap  and 
hump  durge  separation  techniques  during  the  switched  bias  anneals  after 
radiation. 


The  differences  between  the  two  methods  can  be 


understood  by  examining  the  part  of  the  bandgap  that  each 
technique  measures.  It  has  been  reported  in  many  experiments 
[13-15]  that  radiation  causes  large  differences  in  the  energy 
distribution  of  interface  traps.  Specifically,  a  large  peak  in 
trap  density  typically  occurs  about  0.75  eV  above  the  valence 
band.  Tliis  falls  within  the  measurement  range  for  the  midgap 
technique,  which  measures  most  of  the  conduction  half  of  the 
bandgap.  However,  the  hump  is  sensitive  to  trap  energies 
within  0.1-0.15  eV  of  midgap.  Thus  the  hump  technique  does 
not  measure  the  large  peak  in  the  conduction  half  of  the 
bandgap,  and  its  measurement  is  lower  in  Figure  13.  The 
differences  between  the  techniques  during  the  positive  bias 
anneal  be  attributed  to  interface  trap  differences  within  the 
bandgap. 

During  negative  bias  anneab,  reports  have  shown  a 
reversibility  of  the  peak  at  the  0.75  eV  trap  level  [13,14]. 
Thus  a  decrease  in  interface  traps  would  be  expected  for  the 
channel  measurement  However,  a  rise  in  interface  trap 
density  b  indicated.  The  rise  could  be  attributed  to  border 
traps  in  which  the  negative  bias  of  the  gate  repek  electrons 
from  the  border  traps.  Thus  these  unbonded  border  traps  could 
communicate  widi  the  measurements  [10].  The  hump  charge 
separation  technique  shows  a  decline  in  interface  trap  density, 
indicating  a  decline  of  midgap-level  interface  traps. 

Once  interface  trap  density  has  been  determined,  the 
capture  cross  sectioQ  can  be  extracted  from  the  surface 
generation  velocity.  Note  again  that  the  surface  generation 
velocity  k  determined  mostly  by  traps  near  midgap.  The 
capture  cross  section  k  plotted  in  Hgure  14,  showing  nearly  no 
change  during  positive  bias  anneal  and  a  slow  increase  during 
the  negative  bias  anneal.  The  values  are  in  the  range  of  10 
cm^  which  k  typical  for  irradiated  capture  cross  sections  of 
traps. 

HH2/IRF440 


Figure  14.  C^Jture  cross  section  changes  during  the  switched  bias 
anneals  after  radiation. 


The  accuracy  of  the  technique  k  not  as  accurate  as 
McWhorter  and  Winokur,  simply  because  the  stretchout  of  the 
hump  is  smaller  than  the  stretchout  of  the  subthreshold  hump. 
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The  confidence  of  3xi  extracted  occurs  around  1-2  x  10 
cryi^  Errors  accruing  from  measuring  small  currents  are 
minor,  as  proven  with  the  model  fitting  well  with  the  measured 
hump  (Figure  4).  Thus  the  technique  is  repeatable  with  little 
error. 

VI.  Conclusion 

4 

A  technique  of  quantifying  oxide-trapped  charge,  midgap- 
level  interface  trap  density,  and  capture  cross  section  has  been 
developed.  The  technique  uses  the  charge  neutral  point  of  the 
hump  as  the  peak  voltage.  Shifts  in  this  point  are  due  solely 
to  oxide-trapped  charge.  The  stretchout  due  to  interface  traps 
is  determined  from  changes  in  the  width  of  the  hump. 
Converting  this  stretchout  due  to  interface  traps  to  a  density  of 
traps  requires  knowledge  of  the  quasi-Fermi  levels  at  the 
surface.  Once  the  density  of  traps  is  determined,  capture  cross 
section  can  be  extracted  from  the  peak  of  the  hump. 

Results  for  irradiation  differ  from  the  charge  separation 
technique  of  McWhorter  and  Winokur.  Each  method  measures 
a  different  part  of  the  bandgap.  Differences  in  the  results  are 
explained  by  the  differences  in  the  energy  distribution  of  the 
interface  traps.  The  hump  is  sensitive  only  to  midgap-level 
interface  traps,  while  the  midgap  techmque  measures  interface 
traps  and  border  trap  effects. 
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ABSTRACT 

Heavy  ion  irradiation  effects  on  gate  oxide  reRabOity  in  power  MOSFETs  were  explored.  Devices  vwm 
exposed  to  heavy  ion  fluences  and  LETs  simulating  exposure  in  spacecraft  at  bias  levels  not  expected  to 
cause  catastrophic  failure.  Time  dependent  dielectric  breakdown  measurements  and  charge  separation 
techniques  resulted  in  no  detectable  changes.  The  gate  voltage  at  which  oxide  breakdown  occurs  and  the 
gate  l-V  curves  suggest  subtle  changes  in  device  characteristics  that  can  be  detected  at  high  gate  biases. 
However,  there  is  no  indication  that  heavy  ion  exposure  results  in  a  significant  reduction  in  gate  oxide 
reliability. 


I.  INTRODUCTION 

Heavy  ions  are  omnipresent  in  the  natural  space  radiation  environment  [1].  When  an  energetic  heavy  Ion 
passes  through  an  electronic  component,  it  loses  energy  along  its  track.  In  the  silicon  and  siGcoh  oxide 
layers  of  a  silicon  semiconductor  device,  a  plasma  of  electron-hole  pairs  is  created  (or  deposited)  along  its 
track  length  [2].  The  energy  spectrum  of  heavy  ions  and  their  associated  flux  are  reasonably  well  known 
[3.4].  Typically,  the  effects  of  these  Ions  on  electronic  devices  are  referred  to  as  single-event  phenomena. 

in  power  MOSFETs,  there  are  two  types  of  single  event  phenomena:  single-event  burnout  (SE6)  and 
single-event  gate  rupture  (SEGR).  In  the  case  of  SEB,  the  currents  stemming  from  ion-induced  charge 
collection  cause  a  voltage  drop  suffident  to  turn  on  a  parasitic  bipolar  transistor  inherent  in  the  construction 
of  the  power  MOSFET  [5],  as  illustrated  in  Figure  1 .  If  the  strike  occurs  while  the  device  is  subject  to  a  large 
drain  bias,  suffident  carrier  multiplication  may  occur  to  cause  runaway,  creating  a  short-drcuit  through  the 
MOSFET  that  allows  current  from  the  external  power  supply  to  destroy  the  device. 

SEGR  can  occur  when  the  ion  track  passes  through  the  neck  region  of  the  power  MOSFET.  This  is  the 
region  where  the  n-type  drain  reaches  the  surface  (Fig.  1).  In  the  case  of  SEGR,  the  ion-generated 
electron-hole  pairs  in  the  silicon  are  separated  by  the  applied  bias.  Recently,  Brews  et  ai.  [6]  presented 
a  physical  model  of  hole  collection  following  a  heavy  ion  strike  that  explains  the  development  of  oxide  fields 
suffident  to  cause  gate  rupture. 

These  two  single  event  phenomena  (SEB  and  SEGR)  have  received  much  attention.  However, 
noncatastrophic  damage  which  degrades  the  performance  of  the  oxide  due  to  heavy  ions  has  not  been 
identified.  During  the  lifetime  of  a  device  in  a  spacecraft,  it  will  be  constantly  bombarded  with  heavy  ions. 
Questions  arise  as  to  whether  these  ions  cause  some  noncatastrophic  damage  in  the  oxide  or  reduce  the 
reliability  of  the  oxide.  The  objective  of  this  paper  is  to  explore  the  effects  of  heavy  ion  irradiation  on  power 
MOSFETs  in  situations  where  SEB  or  SEGR  do  not  occur.  Devices  were  exposed  to  heavy  ion  fluences 
and  energies  simulating  exposure  in  spacecraft  at  bias  levels  not  suffident  to  cause  catastrophic  failure. 

This  paper  suggests  heavy  ions  do  cause  subtle  changes  in  characteristics  of  the  oxide,  though  not  easily 
detectable  by  normal  techniques.  Time  dependent  dielectric  breakdown  measurements  resulted  in  no 
detectable  changes.  However,  the  gate  voltage  at  which  oxide  breakdown  occurs  and  the  gate  l-V  curves 
indicate  changes  that  can  be  detected  at  high  gate  biases.  Thera  is  no  indication  that  heavy  ion  exposure 
results  in  reduced  gate  oxide  reHability. 


II.  EXPERIMENTAL  DETAILS 

For  this  experiment,  thirty  IRF440  power  MOSFETs  were  irradiated  with  bromine  (Br)  ions  at  the 
Brookhaven  National  Laboratory.  Three  separate  levels  of  exposure  to  heavy  ion  bombardment  were 
conducted  with  each  exposure  level  consisting  of  ten  samples.  The  devices  were  bombarded  at  a  flux  of 
2  to  2.5  X  10*  ions/cm^-s  to  three  fluence  levels:  1  x  10* ,  5  x  10®,  and  5  x  10*  lons/cm^  Fluences  were 
chosen  to  simulate  applications  in  a  space  environment.  These  values  estimate  heavy  Ion  exposure  for 
a  ten  year  mission.  The  energy  of  the  ions  was  high  enough  to  penetrate  the  entire  oxide.  The  associated 
total  ionizing  dose  from  the  ions  was  extremely  small,  at  most  3  krad(Si),  for  the  highest  fluence.  Gates 
were  biased  at  ■•‘10  V  with  source  and  drain  grounded  during  exposure.  The  gate  area  for  the  IRF440  is 
about  0.1  cm^. 
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Figure  1 ;  !„  a  newer  MOSFET  causing  Single  Event  Burnout  (SEB).  The  filament 

SV 


Charge  to  breakdown  tests  were  conducted  with  source  and  drain  ground^.  A  ^ 

of  current  was  driven  into  the  gate  using  a  HP4145B 

monitored  during  stressing.  A  voltage  source  was  used  to  offset  the  gate  voltage  to  avotd  the 
comoliancs  of  the  analyzer. 


III.  EXPERIMENTAL  RESULTS 

The  time  dependent  dielectric  breakdown  measurements  vrill  be  describ^  fimt  f 

were  monitored  during  stress.  Figure  2  shows  a  typrcal  stress  test,  where  the  gate  volta^  was  pionw 

against  the  time.  Constant  current  is  forced  through  the  oxide  with  source  and 

hL  trapping  dominates  and  causes  the  gate  voltage  to  drop.  Aneiwards,  *!!P,^2^^“'"  ®“^arae 

Injection  ?e?omes  dominant  and  causes  the  vofiage  to  rise  ^•8^,  0"“  *P* 

enough,  the  oxide  breaks  down.  Oxide  breakdown  occurs  when  the  gate  voltage  drops  to  zero. 

The  cumulative  percentage  of  failed  devices  is  plotted  vs.  time-to^eakdowii  in  3;.,  jr"" 

each  fluence  lev^were  measured,  and  an  additional  ten  devices  which  did  not  receive  Irradladon  we™ 

and  non-irradiated)  would  show  as  a  shift  In  the  curve  toward  lower  breakd^n 

nearly  fan  on  one  another.  Thus,  no  significant  reduction  in  time^o-breakdown  is  observed  for  MOSFETs 
exposed  to  heavy  Ions  as  compared  to  the  control  MOSFETs. 


SeThange  of  gate  voltage  during  the  stress  is  shown.  Initially,  hole  trapping  dominates  and  «^®® ‘b® 
^te  voltage  to  Lcrease.  At  later  times,  electron  trapping  begins  to  dominate  and  causes  the  gate  voltage 
to  Increase.  The  final  gate  voltage  is  the  last  voltage  before  breakdown  of  the  oxide. 
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Figure  3: 

Cumulative  percentage  of  failed  devices  vs.  time  to  breakdown  for  control  and  irradiated  power  MOSFETs. 
No  significant  differences  between  non-irradiated  and  irradiated  MOSFETs  appear. 


Charge  separation  using  the  midgap  technique  of  McWhorter  and  Winokur  (9|  was  performed  on  all  devices. 
This  technique  separates  oxide-trapped  charge  and  Interface-trapped  charge  in  MOSFETs  using  the 
Subthreshold  current  that  flows  when  the  surface  potential  equals  the  intrinsic  potential.  Changes  of  the 
midgap  voltage  are  equivalent  to  changes  in  oxide-trapped  charge.  The  difference  between  the  midgap 
voltage  and  the  threshold  voltage  is  used  to  determine  the  interface-trapped  charge  component.  However, 
no  change  in  threshold  or  subthreshold  characteristics  was  detected.  Gate  current  was  also  measured  for 
gate  voltages  less  than  20  V.  No  appreciable  gate  leakage  was  found  after  heavy  ion  bombardment, 
though  drain-to-source  junction  leakage  did  increase.  It  is  believed  this  increase  is  not  associated  with  the 
oxide. 

The  gate  voltage  of  the  devices  at  failure  was  measured.  The  final  gate  voltage  is  the  last  measured  gate 
voltage  before  the  oxide  is  shorted  due  to  failure.  The  final  gate  voltage  plot  (Figure  4)  shows  that,  unlike 
the  breakdown  times  which  show  no  difference  between  irradiated  and  non-irradiated  parts,  the  final  gate 
voltages  are  slightly  different  between  irradiated  and  non-irradiated  MOSFETs.  Note  that  the  x-axis  of 
Figure  4  has  been  enlarged  to  show  the  difference  more  clearly.  The  non-irradiated  MOSFETs  seem  to 
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Figure  4: 

Cumulative  percentage  of  failed  devices  vs.  the  final  gate  voltage.  Note  the  x-axis  has  been  enlarged  to 
emphaize  the  difference  between  groups.  The  non-irradiated  parts  seemed  to  fail  at  a  voltage  slightly  lower 
than  irradiated  parts. 
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Figure  5: 

Average  time-to-breakdown  vs.  ion  fluence  with  standard  error  bars  indicating  95%  confidence  in  the 
average  value.  Note  all  error  bars  can  overlap,  thus  indicating  that  it  is  doubtful  that  any  change  is 
occurring  in  time-to-breakdown  after  heavy  ion  irradiation. 


break  down  at  a  lower  gate  voltage  than  the  irradiated  MOSFETs.  The  gate  voltage  was  monitored  as  the 
device  was  being  stressed,  and  the  irradiated  MOSFET  gate  voltages  (as  a  function  of  time)  were  on 
average  about  1  or  2  volts  larger  than  the  non-irradiated.  However,  this  difference  was  not  seen  In  the 
breakdown  times. 

To  more  quantitatively  reveal  the  difference  between  the  non-irradiated  and  Irradiated  MOSFETs,  the 
average  breakdown  time  and  final  voltage,  as  well  as  their  associated  standard  error  bars  are  shown  In 
Figures  5  and  6,  respectively.  The  standard  error  indicates  the  95%  confidence  level  that  the  average  of 
a  particular  group  of  samples  is  within  the  bounds  indicated.  The  standard  error  is  calculated  from  the 
standard  deviation  divided  by  the  square  root  of  the  number  of  samples  in  the  group.  Note  that  the 
standard  error  determines  whether  the  random  nature  of  these  measurements  can  explain  the  differences 
between  the  groups  of  samples.  If  the  standard  error  bars  of  different  groups  do  not  overlap,  then  the 
random  nature  of  these  types  of  measurements  cannot  explain  the  differences. 

From  Figure  5,  there  are  no  significant  differences  between  the  irradiated  and  non-irradiated  groups  when 
examining  breakdown  times  This  result  suggests  heavy  ion  bombardment  does  not  affect  time-to- 
breakdown.  The  plot  of  the  voltage  at  which  oxide  breakdown  occurs  (Figure  6)  shows  that  the  groups  of 
fluences  do  not  all  overlap  within  the  standard  error.  Thus,  there  seems  to  be  a  general  trend  of  Increasing 


Fluence  (cm’^) 


Figure  6: 

The  average  final  gate  voltage  vs.  ion  fluence  with  standard  error  bars  indicating  95%  confidence  In 
the  average  value.  Note  all  error  bars  do  not  overlap,  thus  indicating  that  heavy  ion  irradiation  does  have 
an  effect  on  the  average  oxide  breakdown  voltage. 
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Figure  7: 

Gate  current  vs.  gate  voltage  is  shown  for  a  non-irradiated  and  an  irradiated  MOSFET.  The  irradiated 
MOSFET  has  a  shallower  slope  at  lower  voltages  than  the  non-irradiated  MOSFET. 


final  gate  voltage  with  increased  heavy  ion  bombardment.  This  result  is  especially  evident  between  the 
5x10®  fluence  and  the  non-irradiated  group,  where  the  final  gate  voltages  differ  by  a  volt.  Note  the  averages 
for  non-irradiated  MOSFETs  were  modified  by  excluding  the  two  devices  which  broke  down  very  early  in 
the  test.  The  two  devices  did  not  seem  representative  of  the  group  because  they  broke  down  extremely 
early,  if  the  devices  are  included  in  the  group,  it  would  not  change  the  interpretation  of  the  results,  because 
it  would  only  lower  the  average  of  the  non-irradiated  group  of  devices. 

Previously,  it  was  stated  there  was  no  difference  in  gate  current  between  irradiated  and  non-irradiated 
MOSFETs  at  gate  voltages  below  20  V.  During  normal  operation,  the  gate  voltage  should  not  leave  this 
range.  However,  we  did  measure  the  gate  current  out  of  this  range  to  more  fully  explore  differences 
between  the  MOSFETs.  As  can  be  seen  in  Figure  7,  the  irradiated  parts  have  an  increased  leakage 
component  at  small  current  levels  as  compared  to  the  non-irradiated  parts.  At  higher  levels,  the  difference 
is  small  and  the  gate  current  follows  the  Fowler-Nordheim  equation  (10).  The  increased  leakage  has  been 
attributed  to  positive  charge  residing  near  the  injecting  interface  [11].  All  Irradiated  devices  followed  the 
irradiated  curve  closely,  while  the  control  devices  followed  the  control  curve  closely.  Thus,  variaUon  between 
devices  does  not  explain  the  difference.  Note  the  gate  voltages  required  to  induce  Fowler-Nordheim  current 
In  power  MOSFETs  are  much  larger  than  small  signal  MOSFETs  for  ICs  due  to  the  large  gate  oxide 
thickness  (approximately  100  nm). 


IV.  DISCUSSION 

When  sufficient  voltage  is  applied  to  the  gate,  a  difference  in  gate  current  and  breakdown  characteristics 
between  irradiated  and  non-irradiated  MOSFETs  can  be  detected.  At  smaller  gate  voltages  (charge 
separation  voltages),  no  significant  change  in  threshold  and  subthreshold  curves  Is  detected.  The  differing 
results  could  be  explained  by  a  localized  positive  charge.  Previous  work  has  shown  that  heavy  ions  create 
positive  charge,  though  not  of  the  same  magnitude  of  typical  total-ionizing-dose  experiments  [12,13].  During 
irradiation,  the  ions  cause  electron-hole  pairs  to  be  created  in  the  oxide  which  mostly  recombine.  The 
electrons  which  remain  quickly  move  toward  the  positive  terminal  (gate  electrode).  If  the  remaining  positive 
charge  is  localized  (lateral  non-homogenous  charge  distribution),  the  channel  in  that  region  inverts  at  a 
lower  voltage.  However,  the  entire  channel  is  not  affected  because  other  parts  of  the  channel  still  require 
a  higher  voltage  to  cause  Inversion.  A  localized  positive  charge  also  explains  a  slightly  larger  gate  current 
at  higher  biases  due  to  the  barrier  lowering  for  injecting  carriers. 

The  localized  charge  does  not  explain  increases  In  the  final  gate  voltage.  A  localized  positive  charge  would 
lower  the  barrier  (as  for  the  gate  leakage  measurements).  Thus,  a  larger  current  would  flow  in  that  localized 
area.  Since  the  stressing  is  a  constant  current  stress,  the  remaining  current  through  the  gate  would  be 
slightly  less.  Yet  a  lower  current  would  cause  a  lower  gate  voltage,  not  the  higher  gate  voltage  that  was 
measured.  Thus,  the  localized  charge  model  is  Incomplete. 

Note,  however,  that  the  gate  voltage  was  monitored  throughout  the  entire  stress.  The  irradiated  curves 
were  higher  and  parallel  to  the  non-irradiated  curve.  This  effect  suggests  that  charge  from  heavy  Ions  was 
trapped  in  the  oxide  from  the  shirt  of  the  gale  voltage.  However,  since  the  irradiated  curves  are  parallel 
to  the  non-irradiated  curves,  no  change  in  the  mechanisms  of  charge  trapping  or  trap  generation  has 
occurred.  No  change  in  the  breakdown  times  (t^^  also  confirms  this  conclusion. 
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V.  CONCLUSIONS 


In  summary,  we  have  shown  the  results  of  heavy  Ion  exposure  on  the  gate  oxide  of  power  MOSFETs. 
Charge  separation  and  dielectric  breakdown  techniques  do  not  Indicate  any  degradation  due  to  hea^  ion 
bombardment.  Nevertheless,  irradiated  MOSFETs  break  down  at  a  slightly  higher  gate  voltage  and  also 
show  an  increase  in  gate  leakage  under  high  electric  field  conditions.  Though  results  Indicate  slight  changes 
in  these  characteristics,  there  is  no  indication  of  oxide  reBabiCty  reduction  from  heavy  ion  bombardment. 
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Abstract 

This  is  the  first  report  of  commercial  n-  and  p-channel 
power  MOSFETs  exposed  to  ionizing  radiation  while  operating 
in  a  cryogenic  environment  The  transistors  were  exposed  to 
low  energy  x-rays  while  placed  in  a  liquid  nitrogen-cooled  dewar. 
Results  demonstrate  significant  performance  and  survivability 
advantages  for  space-borne  power  MOSPEfs  opi..tted  at  cryo¬ 
genic  temperatures.  The  key  advantages  for  low-tsmperature 
operation  of  power  MOSFETs  in  an  ionizing  radiation  environ¬ 
ment  are:  (1)  steeper  subthreshold  current  slq)e  before  and 
after  irradiation;  (2)  lower  off-state  leakage  currents  before  and 
after  irradiation;  and  (3)  larger  prerad  threshold  voltage  for  n- 
channel  devices.  The  first  two  points  are  also  beneficial  for  de¬ 
vices  that  are  not  irradiated,  but  the  advantages  are  more  signifi¬ 
cant  in  radiation  environments.  The  third  point  is  only  an  ad¬ 
vantage  for  commercial  devices  operated  in  radiation  environ¬ 
ments.  Results  also  demonsuate  that  ccanmerdal  off-the-shelf 
power  MOSFETs  can  be  used  for  low-temperature  operation  in 
a  limited  total  dose  environment  (i.e.,  many  space  applications). 

L  INTRODUCTION 

Power  Metal-Oxide-Semiconductor  Field  Effect  Transis¬ 
tors  (MOSFETs)  exhibit  superior  performance  at  cryogenic  tem¬ 
peratures  compared  to  room  temperature.  Significant  improve¬ 
ments  in  on-resistance,  thermal  conducta  ice,  power  handling. 
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reliability,  switching  speed,  and  switching  efficiency  cxxur  dur¬ 
ing  iow-temperatuie  operation  [1-3].  The  double-diffused  metal- 
oxide  semiconductor  (DMOS)  pow  er  transistor  is  a  key  compo¬ 
nent  in  switched-mode  power  supplies,  motor  controllers,  and 
power  converters  (Le, ,  power  distribution  and  control)  for  many 
space-borne  systems  [4]. 

A  cross-section  of  one  cell  of  the  DMOS  power  transis¬ 
tor  is  shown  in  Figure  1  [4].  Ibe  DMOS  device  can  withstand 
large  off-state  voltages  because  of  the  rather  thick  epitaxial  re¬ 
gion.  Large  on-state  currents  are  accomplished  by  connecting 
many  cells  in  parallel  [4].  Previous  work  has  shown  that  ioniz¬ 
ing  radiation  induces  threshold  voltage  shifts  [5-7],  degradation 
of  carrier  mobility  [5, 8],  loss  of  current  drive  capability  [5, 8], 
aiKi  reduction  in  switching  speed  [8]  in  power  DMOS  devices  at 
room  temperature.  Cryo-electronics  are  important  for  a  num¬ 
ber  of  space  applications  (particularly  imaging),  and  there  is  sig¬ 
nificant  potential  for  using  commercial  power  MOSFETs  in  these 


Figure  1:  Cross-section  of  n-channel  DMOS  power  transistor. 
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Rgure  2:  Experimental  test  set-up.  The  source  tube,  dewar,  and  data  acquisition  system  are  shown.  The  graph  inset  shows  the 
bias  conditions  for  an  n-channel  transistor.  Tlie  p-channel  bias  conditions  are  identical. 


systems.  Furthermore,  the  increased  switching  speed  achieved 
at  low  temperature  allows  for  the  design  of  lighter  weight  mag¬ 
netic  components  which  can  lead  to  a  higher  power  density  (also 
important  for  space  applications)  [4].  Tliis  paper  presents  the 
first  known  results  on  commercial  n-  and  p-channel  power 
MOSFETs  irradiated  and  characterized  at  cryogenic  tempera¬ 
tures.  This  follows  the  current  trend  to  try  to  identify  commer¬ 
cial  off-the-shelf  electronics  that  may  be  suitable  for  use  in  the 
space  radiation  environment.  Significant  performance  and  sur¬ 
vivability  advantages  associated  with  cryogenic  operation  of 
space-borne  power  MOSFETs  are  demonstrated. 

n.  Experiment 

A.  Devices  and  Experimental  Apparatus 

Commercial  power  MOSFETs  manufactured  by  Harris 
Semiconductor  (IRF9130  p-Channel  and  1RF130  n-Qiannel) 
were  used  for  this  experiment.  A  sample  size  of  twelve  devices 
was  used  in  this  experiment  The  radiation  source  used  was  the 
Low  Energy  X-ray  Facility  at  Phillips  Laboratory,  Kirtland  AFB, 
NM. 

The  testing  vessel  used  for  this  experiment  was  a  dewar 
manufactured  by  Precision  Cryogenics  Systems.  This  is  a  dual 
coolant  dewar  with  a  2  in  diameter  cold  foot.  The  cold  foot  was 
at  ground  potential,  and  a  special  mounting  technique  was  con¬ 
figured  to  test  two  devices  of  the  same  type  at  the  same  time.  A 
base  mounting  fixture  was  attached  to  the  cold  foot  with  S£q)- 


phire  spacers  between  the  cold  foot  and  the  mounting  fixture. 
The  sapphire  provides  good  electrical  isolation  and  excellent 
thermal  conduction  between  the  cold  foot  and  mounting  fixture. 
This  allowed  a  potential  to  be  s^plied  to  the  irain,  the  case  of 
the  devices,  during  testing  .  The  lowest  temperature  obtainable 
in  the  dewar  is  10  K,  A  Lake  Shore  Cryotronic  DRC-93C  Tem¬ 
perature  Controller  was  used  to  monitor  the  temperature  of  the 
cold  foot  and  the  devices.  Tmperature  readings  were  taken  with 
a  Lake  Sho^^e  platinum  resistor  (PT-103)  that  was  mounted  in 
the  cold  foot  and  on  one  of  the  devices  under  test.  Data  were 
taken  with  a  Hewlett-Packard  Semiconductor  Parameter  Ana¬ 
lyzer  {HP4145A)  and  the  software  package  METRICS  devel¬ 
oped  by  Alliance  Technologies.  The  experimental  test  set-up  is 
shown  in  Figure  2. 

B,  Experimental  Setup  and  Test 

Once  mounted  in  the  test  vessel,  the  devices  were  char¬ 
acterized  at  room  temperature  (293  K)  with  a  vacuum  applied  to 
the  test  vessel  The  test  vessel  was  placed  in  the  irradiation  cell 
and  liquid  nitrogen  (LN2)  was  used  to  cool  the  devices.  The 
devices  reached  a  tmperature  of  81  K  and  were  maintained  at 
that  temperature  throughout  the  experiment  Note  that  all  de¬ 
vice  characterization  was  performed  in- situ  within  the  cryogenic 
test  vessel 

The  devices  were  irradiated  in  the  cryogenic  test  ves¬ 
sel  to  a  total  dose  of  15  krad[Si].  Measurements  were  taken  at 
prerad,  1,  2,  5,  10  and  15  krad[Si].  (The  energy  of  the  X-ray 
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Figure  3:  Prerad  and  post  15  krad  [Si]  n-channel  subthresh¬ 
old  characteristics  at  273  K  and  81  K.  The  right 
most  curve  for  each  temperature  is  the  prerad 
condition. 
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Figure  5:  TTireshold  voltage  versus  total  dose  for  8 1 K  and  273 
K.  Data  for  two  devices  is  shown  for  each  tempera¬ 
ture. 

in.  RESULTS  AND  DISCUSSION 


source  was  50  keV  with  the  tube  current  at  10  mA;  resulting  in  a 
dose-rate  of  5.9  rad[Si]/sec.)  Subthreshold  and  threshold  volt¬ 
age  measurements  were  performed  after  each  exposure.  Ex¬ 
periments  were  performed  with  +  9  V  or  -  9  V  bias  applied  to  the 
gate  electrode,  V^,  and  the  source  and  drain  electrodes  were 
grounded.  (Note  that  in  the  DMOS  device  structure,  the  body 
and  source  are  common  [4].) 


Gate  Voltage  [V] 

Figure  4:  Prerad  and  post  15  krad  [Si]  p-channel  subthresh¬ 
old  characteristics  at  273  K  and  81  K.  The  right 
most  curve  for  each  temperature  is  the  prerad 
condition. 


Figure  3  shows  the  n<hannel  subthreshold  characteris¬ 
tics  for  pe-rad  and  15  kiad[Si]  exposure  at  room  and  cryogenic 
temperature.  Hie  corresponding  data  for  p-channel  devices  are 
shown  in  Rgure  4.  The  pre-rad  threshold  voltage  at  81  K  is 
4.56  V  compared  to  3.83  V  at  273  K  for  the  n-channel  devices 
and  4.20  V  compared  to  -3.39  V  for  the  p-channel  devices.  From 
these  plots,  it  is  obvious  that  there  are  three  advantages  for  cryo¬ 
genic  power  MOSFET  operation.  These  advantages  are:  (1) 
steeper  subthreshold  slope  befcffe  and  after  irradiation  (improves 
switching  efficiency);  (2)  lower  off-state  leakage  currents  be¬ 
fore  and  after  irradiation;  (3)  larger  pre-rad  threshold  voltage 
for  n-channel  devices.  The  first  two  points  are  also  beneficial 
for  devices  that  are  not  irradiated,  but  the  advantages  are  more 
significant  in  radiatir  environments.  The  third  point  is  only  an 
advantage  for  commercial  devices  operated  in  radiation  envi¬ 
ronments.  The  steeper  subthreshold  slope  helps  to  compensate 
forradialion-induced  stretch-out  and  mobility  reduction.  In  many 
circuits,  the  failure  mechanism  is  defined  as  the  reduction  of  the 
n-channel  threshold  voltage  to  the  point  of  depletion-mode  op¬ 
eration.  The  larger  initial  threshold  voltage  at  cryogenic  tem¬ 
perature  increases  the  failure  margin  for  total  dose  exposure. 
This  point  is  illustrated  in  Figure  5,  which  shows  threshold  volt¬ 
age  versus  total  dose  for  room  and  cryogenic  temperature  op¬ 
eration  for  n-channel  devices.  While  it  is  possible  to  fabricate 
power  MOSFETs  with  higher  initial  threshold  voltage,  this  is 
not  consistent  with  the  trend  toward  increased  use  of  commer- 
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Rgure  6:  Separated  charge  for  n-channel  power  MOSFETs 
(T=81  K).  The  change  in  threshold  voltage,  AV^, 
change  in  oxide  trapped  charge  component,  AV^  and 
change  in  interface  trap  charge  component,  AV^,  are 
shown. 

cial  off-thC'Shelf  technology  in  radiation  environments.  Note 
that  the  larger  threshold  voltage  at  cryogenic  temperatures  should 
be  accounted  for  in  the  gate-drive  circuitry.  The  amount  of  thresh¬ 
old-voltage  shift  at  cryogenic  temperature  is  comparable  to  that 
at  room  temperature. 

The  components  of  oxide  charge  leading  to  changes  in 
the  threshold  voltage  were  separated  using  the  midgap  charge 
separation  technique  [9].  The  current  ranges  used  in  this  analy¬ 
sis  were  consistent  with  previous  work  involving  charge  separa¬ 
tion  on  DMOS  transistors  [5-8].  The  results  of  this  analysis  for 
the  case  with  =+9  V  j^pear  in  Figure  6  and  Figure  7  for  the 
n-  and  p-chamiel  devices,  respectively.  In  Hgure  6-7,  the  data 
from  one  device  is  shown.  The  spread  in  the  charge  separation 
data  from  device  to  device  is  less  than  a  tenth  of  a  volt  The  total 
change  in  threshold  voltage,  AVg,  the  oxide-trapj?ed  cha-  30  cc«n- 
ponent,  AV^^g,  and  the  apparent  interface  trap  ccxnponent,  AV^g, 
are  shown. 

Again,  using  the  midgap  charge  separation  technique,  AVg, 
AVg^g,  and  AV^g,  are  shown  for  the  case  of  =  -9V  in  Figure  8 
and  Figure  9  fcx*  the  n-  and  p-channel  devices,  respectively.  In 
Figures  8-9,  the  data  are  shown  from  a  representative  device, 
and  the  spread  in  data  is  similar  to  that  from  Figures  6-7.  For 


Total  Dose  [rad  (Si)] 

Rgure  7:  Separated  charge  for  p-channel  power  MOSFETs 
(T=81  K).  The  change  in  threshold  voltage, 
change  in  oxide  trapped  charge  component,  AV^,  and 
change  in  interface  crap  charge  component,  AV^  are 
shown. 

reference,  the  data  for  =  +9V  are  shown  using  solid  symbols 
in  Figure  8  and  Figure  9  (for  =  -9V  the  symbols  are  open). 
There  is  a  gate  bias  dependence  apparent  in  Figure  8  and  Figure 
9.  For  the  n-channel  devices  (Figure  8),  a  negative  gate  bias 
results  in  larger  shifts  in  AVg,  AV^^  and  (The  AV^g  compo¬ 
nent  becomes  lower  for  negative  gate  bias  at  larger  total  dose). 
Tliis  result  is  surprising  since  a  negative  gate  bias  usually  re¬ 
sults  in  smaller  shifts.  For  the  p-channel  devices  just  the  oppo¬ 
site  occurs.  The  positive  gate  bias  results  in  larger  shifts  (ap¬ 
proximately  25%)  in  AVg,  AVg^  and  AV^g  for  all  total  dose  levels. 

It  is  often  believed  that  interface-trap  formation  at  77K  is 
negligible  because  the  positively  charged  species  believed  to  be 
responsible  are  immobile  at  this  temperature  [10,  11].  How¬ 
ever,  the  change  m  4  may  not  be  due  to  the  formation  of  inter¬ 
face  traps,  but  may  be  due  to  lateral  non-uniformities  (LNlTs) 
[10, 11],  or  the  formation  of  border  traps  [12-14].  There  have 
been  reports  of  interface  trap  formation  at  cryogenic  tempera¬ 
tures  in  gate  oxides  comparable  in  thickness  to  those  found  in 
power  DMOS  devices  (750  A  - 1000  A)  [15].  A  discussion  of 
interface  traps,  border  tr^s,  and  LNlTs  follows. 

Interface  traps  are  often  associated  with  centers,  which 

are  trivalent  Si  defects  at  the  Si/Si02  interface  [16,  17].  Since 
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Figure  8: 


Separated  charge  for  n-channel  power  MOSFCTs 
Yi),  The  change  in  threshold  voltage, 
ch^ge  in  oxide  trapped  charge  component,  and 
change  in  interface  trap  cbaige  component,  4V„,  are 
shown.  Tlie  open  symbols  correspond  to  V  =-9V  and 
the  closed  symbols  correspond  to  V  =+9V. 


Figure  9:  Separated  charge  for  p-channel  power  MOSFETs 
(T=81  K).  The  change  in  threshold  voltage, 
change  in  oxide  trapped  charge  component,  AV  ,  and 
change  in  interface  trap  charge  component,  AV  are 
shown.  Tbe  open  symbols  correspond  to  V  — 9V  and 
the  closed  symbols  correspond  to  V  =+9V. 


interface  traps  have  associated  energies  located  within  the  Si 
bandgap,  they  are  filled  and  unfilled  with  electrons  depending 
on  the  level  of  the  surface  potential.  Hiis  results  in  a  gate  volt¬ 
age  dependent  charge  component  that  causes  stretchout  in  the 

subthreshold  drain  current  characteristics.  Prompt  interface  trap 

generation  has  been  reported  at  cryogenic  (4  K)  temperatures  m 
field-oxide  transistors  [15].  Tbe  oxide  thickness  in  these  de¬ 
vices  is  comparable  to  that  in  DMOS  power  transistors  (- 
lOOOA).  Tbe  results  from  this  experiment  suggest  a  consider¬ 
able  interface-trap  component.  Previous  workers  have  reported 

that  interface-trap  creation  by  radiation  is  suppressed  at  cryo¬ 
genic  temperatures  [10];  therefore,  the  measured  increase  in  AV^ 
may  be  an  artifact  of  the  measurement  technique  whose  pos¬ 
sible  causes  may  be  border  tr^s  or  LNU  s. 

It  has  been  suggested  that  all  traps  which  lie  within  about 
30A  of  the  Si/Si02  interface  and  are  in  electrical  commumca- 
tion  with  the  Si  be  called  border  traps  [12-14].  Since  border 
traps  may  have  donor  or  acceptor-type  energy  levels,  they  can 
exchange  charge  with  the  channel  of  the  MOSFET.  Tberefore, 
border  traps  can  introduce  stretchout  in  the  post-irradiation  sub¬ 
threshold  drain  current  measurements.  It  is  very  difficult,  if  not 
impossible,  to  distinguish  between  interface  traps  and  bOTder 


traps  in  the  DMOS  structure  using  electrical  measurements.  An 
electrical  method  combining  conventional  threshold  voltage  mea¬ 
surements  and  charge  pumping  exists;  however,  charge  pump¬ 
ing  is  not  possible  with  tire  conventional  DMOS  structure  [13]. 
Techniques  such  as  electron-spin-resonance  or  spin-dependent 
recombination  that  bring  forth  the  defect  microstructure  may  be 
used  to  separate  border  traps  from  interface  traps  [12]  but  were 
not  perfonned  here. 

Tbe  third  defect  suggested  to  be  responsible  for  the 
stretchout  in  die  subthreshold  drain  current  is  lateral  non-unifor¬ 
mities  in  oxide  charge  (LNlTs).  LNlTs  are  by  definition  fixed 
charge  in  the  gate  oxide  that  has  nonuniform  spacial  density  or 
random  deviations  in  the  charge  trapped  due  to  statistical  fluc¬ 
tuations.  The  nonuniform  distribution  of  fixed  charge  results  m 
threshold  voltage  variations  throughout  the  gate  of  the  MOS¬ 
FET.  The  variations  in  threshold  voltage  result  in  different  re¬ 
gions  of  the  channel  achieving  strong  inversion  at  different  gate 
voltages.  Since  different  parts  of  the  MOSFET  turn  on  at  differ¬ 
ent  gate  voltages,  a  stretchout  (i.e.,  a  decrease  in  slope)  occurs  in 
the  subthreshold  drain  current  characteristics  of  the  device.  Fur¬ 
thermore,  the  effects  of  radiation-induced  LNLTsshould  be  greater 

at  cryogenic  temperatures  than  at  room  temperature  due  to  the 
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increased  hole  trapping  at  cryogenic  temperatures  (i.e.,  the  LNU 
component  is  greater  in  magnitude)  [10],  Hie  post-irradiation 
stretchout  in  the  subthreshold  drain  current  characteristics  for  p- 
channel  MOSFETs  with  260A  gate  oxides  operated  at  cryogenic 
temperatures  was  attributed  i  LNLTs  and  not  interface  traps  in 
the  work  of  Saks  [10].  Charge-pumping  measurements,  which 
are  relatively  insensitive  to  LNUs,  were  used  to  separate  the 
radiation-induced  charge  components  in  this  work.  Charge- 
pumping,  however,  requires  access  to  the  body  terminal  of  the 
MOSFET  -  which  is  not  possible  with  the  DMOS  power  transis¬ 
tor  structure  (Figure  1). 

Three  mechanisms:  interface  traps,  border  traps,  and 
LMTs,  have  been  identified  as  possible  causes  in  the  stretchout 
of  the  subthreshold  drain  current  characteristics.  Hie  goal  of 
this  work  is  to  point  out  the  radiation  response  of  power 
MOSFETs  operated  at  cryogenic  temperatures.  Identifying  the 
correct  defect  mechanism  is  left  for  future  work.  A  key  finding 
in  this  work  is  that  it  has  been  demonstrated  that  commercial 
off-the  'elf  power  MOSFETs  may  be  suitable  for  limited  total- 
dose  environments  when  operated  at  cryogenic  temperatures. 

rV.  SUMMARY 

This  paper  presents  the  first  known  results  for  commer¬ 
cial  n-  and  p-channel  power  MOSFETs  irradiated  and  charac¬ 
terized  at  cryogenic  temperatures.  Significant  performance  and 
survivability  advantages  associated  with  cryogenic  operation  of 
space-borne  power  MOSFETs  are  demonstrated.  There  are  three 
advantages  for  cryogenic  power  MOSFET  operation  in  an  ion¬ 
izing  radiation  envirotunent:  (1)  steeper  subthreshold  slope  be¬ 
fore  and  after  irradiation  (improves  switching  efficiency);  (2) 
lower  off-state  leakage  currents  before  and  after  irradiation;  (3) 
larger  pre-rad  threshold  voltage  for  n-chaimel  devices.  Perhaps 
most  im poitantly,  it  has  been  demonstrated  that  commercial  off- 
the-shelf  power  MOSFETs  may  be  suitable  for  limited  total-dose 
environments  (i.e.,  many  space  applications)  when  operated  at 
cryogenic  temperatures. 
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Abstract 

1//  noise  in  n-channel  and  p-channel  power  MOSFETs  is 
investigated  as  a  function  of  total  dose  and  annealing.  All  the 
devices  used  in  this  study  are  non-hardened  commercial  parts. 
The  pre-irradiation  noise  dependence  on  the  gate  and  drain 
biases  is  analyzed.  A  different  evolution  of  the  noise  measured 
in  the  linear  and  saturation  regions  through  irradiation  and 
annealing  is  reported . 

L  INTRODUCTION 

l/f  noise  measurements  on  MOSFETs  have  been  reported 
for  a  long  time,  l/f  noise  is  related  to  defects  located  at  the 
Si/Si02  interface  ex*  in  the  oxide  close  to  the  interface  [1-3]. 
Time  constants  describing  the  exchange  of  carriers  between 
these  traps  and  the  channel  depend  on  the  location  of  these 
defects.  The  use  of  l/f  noise  measurements  as  a 
characterization  tool  for  irradiated  devices  stems  from  the 
various  kinetics  involved  in  the  build-up  of  defects  during 
irradiation  and  anneal,  resulting  in  different  behaviors  of  noise 
magnitude  as  a  function  of  the  total  dose  and  annealing  time 
(4-7]. 

Most  l/f  noise  measurements  previously  reported  were 
done  on  integrated-circuit  MOSFETs  biased  in  the  linear 
region  [4-7].  Only  saturation  region  noise  measurements  have 
been  reported  in  power  MOSFETs  [8].  This  bias  simplifies 
greatly  the  noise  measurement  Unfextunately,  the  underlying 
theory  is  not  as  well  as  understood  compared  to  the  linear 
region  technique. 

Measurements  in  power  MOSFETs  operated  in  the  linear 
region  involve  the  following  problems  specific  to  the  structure 
of  power  devices: 


(1)  A  power  MOSFET  contains  thousands  of  identical 
cells  operat^  in  parallel  which  act  as  uncorrelated  sources  of 
noise.  Thus,  a  power  MOSFET  is  equivalent  to  a 
conventional  lateral  transistor  with  an  extremely  large  gate 
area.  As  the  noise  level  is  inversely  proportional  to  the  gate 
area,  the  overall  noise  level  of  power  MOSFETs  is  far  below 
the  noise  level  associated  with  integrated-circuit  MOSFETs. 

(2)  The  magnitude  of  the  static  drain  current  needed  to 
properly  bias  the  transistor  in  the  linear  region  is  drastically 
increased  in  comparison  to  that  required  in  integrated-circuit 
MOSFETs.  This  is  primarily  due  to  the  large  gate  width  of 
power  devices.  Furthermore  a  trade-off  must  be  made  between 
the  value  of  the  applied  drain  and  gate  voltages  needed  to 
achieve  a  noise  significantly  higher  than  the  background  noise 
(high  Vds  and  low  Vq- ),  and  the  set  of  biases  required  for  a 
device  to  be  really  working  in  the  linear  region  (low  Yps  and 
high  Vq-Vt).  This  necessitates  an  improved  power  supply 
and  a  reduction  in  value  of  the  drain  load  resistor.  This  in  turn 
leads  to  heating  problems  in  peripheral  components  and 
eventually  in  the  device  under  test  itself.  The  possibility  of 
further  instabilides  and  inaccuracies  of  l/f  noise  measurements 
is  therefore  increased. 

These  problems  are  not  so  critical  if  noise  measurements 
are  taken  when  the  transistor  is  biased  in  the  sauuation  region. 
In  that  case,  the  static  drain  current  can  be  reduced  as  the  noise 
level  increases  in  saturation  by  a  few  orders  of  magnitude.  It 
is  also  much  easier  to  meet  the  requirements  for  proper  biasing 
in  the  saturation  region.  Assuming  that  the  information 
obtained  from  saturation  region  noise  measurement  is  similar 
to  that  obtained  from  noise  measurement  in  the  linear  region, 
that  method  can  become  an  interesting  substitute  for  power 
devices.  Please  note  that  "similar  information"  means  that  the 
trends  in  the  evolution  of  the  noise  magnitude  agree. 
However,  some  differences  are  expected  because  of  the  non¬ 
constant  surface  potential  along  the  channel  in  saturation. 


^  This  work  was  supported  in  part  by  the  Defense  Nuclear  Agency  TTie  l/f  noise  measurements  in  the  linear  region  have  been 
through  contract  number  DNA001-92-C-0022  and  by  THOMSON-  proposed  as  a  characterization  tool  for  radiation-induced  defects 
CSF  Electronic  Systems  Division.  in  integrated-circuil  MOSFETs  [4-7].  Our  goals  in  this  paper 

2  P.  Augier  is  on  leave  from  the  University  of  Montpellier  H.  are  to  demonstrate  the  feasibility  of  linear  region  noise 
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reliability  of  noise  measurements  through  irradiation  and 
annealing  in  the  saturation  region  as  compared  to  those 
perform^  in  the  linear  region. 

n.  EXPERIMENTAL  SETUP 

The  devices  used  in  this  study  were  non-hardencd  IRF440  n- 
channel  power  MOSFETs  and  MTM8P08  p-channel  power 
MOSFETs  manufactured  by  Mounola.  The  main  electrical 
characteristics  of  these  double-diffused  vertical  transistors  are. 
Vbr  =  500  V,  Id  =  8  A,  rDS(«)  =  0.85  £1  for  the  IRF440  and 
Vbr  =  80  V,  Id  =  4  A.  rDs^)  =  0.4  £1  for  the  MTM8P08. 
They  were  irradiated  in  a  ^Co  souro  to  a  total  dose  of  17 
krad(Si).  The  dose  rate  was  750  rad(Si)/hour.  During  both  the 
radiation  exposure  and  a  subsequent  anneal,  the  gates  of  die 
transistors  were  biased  at  +9  V,  while  the  sources  and  drains 
were  grounded. 

The  biasing  conditions  used  fix'  the  1//  noise  measurements 
are  given  in  Table  1.  These  values  were  kept  constant  for  all 
measurements  through  irradiation  and  annealing.  The  choice 
of  bias  conditions  in  the  linear  region  is  critical  for  proper 
device  characterization.  The  transistor  must  be  biased  so  that 
pre-irradiation  noise  levels  are  significandy  above  the 
background  noise  level.  On  the  other  hand,  the  drain  current 
must  be  kept  low  in  wder  to  avoid  heating  effects.  The  choice 
of  bias  conditions  in  the  saturation  region  is  not  as  critical, 
and  the  range  of  acceptable  values  is  wider. 


MTM8P08 

Linear  region 

Vg-Vt  =o.5V 
Vds  =  0.1  V 

Vg-Vt  =  -  0.5  V 
Vn.s=-0.1  V 

Saturation  region 

Vg-Vt  =0.2V 
Vds  =  5V 

Vg-Vt  =  -  0.2  V 
Vns  =  -5V 

Tabic  1  Bias  conditions  during  1//  noise  measurements. 


Ii  should  be  noted  that  the  drain  current  is  not  constant 
through  irradiation  and  annealing.  This  is  due  to  the 
degradation  of  the  mobility  which  is  related  to  the  interface 
trapped  charge  by  a  Sun-Plummer  type  relation  proposed  by 
Galloway  ct  al.  [9],  With  the  biases  given  in  table  1  the  pre- 
irradiation  current  is  on  the  order  of  70  mA  for  the  IRF  440. 

The  biasing  circuit  is  the  usual  common- source  circuit 
often  used  for  1//  noise  measurements.  Figure  1  gives  a 
simplified  schematic  of  the  experimental  setup.  Due  to  the 
large  magnitude  of  the  drain  current,  batteries  have  been 
replaced  with  an  electronic  power  supply  to  avoid  problems 
such  as  biasing  variations  during  measurements  and  limited 
operating  time.  However,  in  order  to  maintain  a  low 
background  noise,  custom  power  supplies  were  developed. 
The  biasing  circuit  is  AC -coupled  to  a  low  noise  pre-amplifier 
(EG&G  PAR  modelll3)  which  is  connected  to  a  HP  3582A 
spectrum  analyzer. 


In  some  instances,  mainly  for  pre- irradiation  noise 
measurements,  a  low  noise  transformer  (EG&G  PARC  model 
1900)  was  inserted  between  the  biasing  circuit  and  the  pre¬ 
amplifier  to  further  reduce  the  background  noise.  That 
transformer  imj^oves  the  noise  figure  of  the  pre-amplifier 
when  it  is  connected  to  a  low  impedance  noise  source.  The 
use  of  the  transformer  was  limited  to  measurements  with  a 
small  noise  magnitude.  This  is  due  to  the  necessity  to  add  a 
few  correcting  factors  to  compensate  the  non  linearity 
introduced  by  the  transformer  and  other  isolation  circuits.  All 
the  measurements,  acquisition,  and  data  processing  were  done 
on  a  HP  computer  connected  to  the  spectrum  analyzer.  Figure 
2  shows  the  relative  amplitudes  for  the  background  noise,  and 
1//  noise  measured  in  the  linear  and  saturation  regions  for  a 
IRF440  n-channel  power  MOSFET.  The  background  noise  is 
measured  by  maintaining  Vps  at  OV. 


Fig  2  Magnitude  of  the  1//  noise  measured  in  the  linear  and 
saturation  regions  for  a  n<hannel  power  MOSFET  IRF440 
compared  to  the  background  noise. 
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For  belter  accuracy,  ihe  background  noise  was  always 
subtracted  from  the  measurements  done  in  the  linear  region. 
As  the  noise  is  higher  by  a  few  orders  of  magnitude  when 
measured  in  the  saturation  region  we  can  simply  disregard  the 
background  noise.  The  actual  background  noise  is  mainly  due 
to  the  preamplifier  itself. 

m.  Pre-Irradiation  noise  dependence  on 

BIASES 


A.  Linear  Region 

The  non-uniform  doping  along  the  channel  of  power 
MOSFETs  results  in  different  values  of  the  surface  potential 
along  the  channel  for  a  given  gate  voltage.  Even  though  this 
may  be  expected  to  adversely  affea  the  applicability  of  models 
used  for  noise  in  integrated-circuit  MOS^Ts,  we  found  that 
the  pre-irradiation  noise  for  n-channel  and  p-channel  transistors 
as  a  function  of  the  drain-to-sourcc  and  gate  voltages  is  well 
described  by  [3-7] : 


K  Vh 

~  r  {Vo- Vrf  ' 


(1) 


the  channel  when  the  gate  bias  increases.  However,  Fig.  4 
demonstrates  that  the  relationship  between  Svd  and  Vd$ 
shown  in  Eqn.  1  is  quite  accurate  when  Vq-Vx  is  kept 
constant  In  that  case,  we  slightly  over-estimate  the  voltage 
across  the  channel 


where,  Vqs  is  the  drain-io-source  DC  voltage,  Vc?  is  the  DC 
gate  bias,  Vj  is  the  threshold  voltage  of  the  MOSFET,  /  is 
the  frequency,  a  is  a  coeffreient  close  to  1,  and  K  is  the  noise 
power. 

It  should  be  noted  that  in  power  MOSFETs,  the  value  of 
the  drain-to-sourcc  voltage  Vds  must  be  modifred  by  taking 
the  effect  of  non-negligiblc  drain  series  resistance  into  account 
The  parasitic  drain  resistance  of  the  thick  epi-layer  is  on  the 
order  of  a  few  tenths  of  ohms.  With  a  drain  current  close  to 
100  mA  and  Vqs  around  100  mV  typical  of  a  noise 
measurement  the  voltage  drop  across  the  parasitic  resistance 
can  be  on  the  order  of  the  voltage  actually  applied  across  the 
channel.  For  instance,  when  performing  a  measurement  of  the 
noise  magnitude  as  a  function  of  Vq  -Vj  (Vds  kept  constant), 
the  value  of  Vqs  must  be  ejected  to  keep  the  voltage  across 
the  channel  constant  When  the  parasitic  resistance  has  been 
evaluated,  its  effects  are  taken  into  account  by  subtracting  from 
Vos  1^  voltage  drop  across  r^  due  to  the  drain  current  The 
result  is  the  voltage  actually  applied  across  the  channel  and  it 
must  remain  constant  with  Vq  -Vj  varying  and  used  in  cqu.l. 

Figures  3  and  4  compare  the  relationship  between  noise 
and  biasing  for  a  n-channel  power  MOSFET  with  and  without 
taking  the  parasitic  resistance,  rd,  into  account  (or  a  constant 
Vos  Vq  -Vj  respectively.  From  the  output  characteristic 
of  the  power  MOSFET  IRF440  biased  in  the  linear  region,  the 
parasitic  resistance  is  found  to  be  equal  to  0.5S  O.  Figure  3 
shows  that  Svd  is  no  longer  inversely  proportional  to  (Vq- 
Vx)^  if  the  parasitic  resistance  is  neglect^.  The  stronger 
dependence  on  Vq-Vx  is  due  to  an  increasing  voltage  drop 
across  the  parasitic  resistance  leading  to  reduced  voltage  across 


Fig  3  Power  spectral  density  calculated  at  IHz  from  least-squares 
fitting  of  experimental  data  measured  in  the  linear  region  as  a 
function  of  Vq  -  Vj  with  Vqs  kept  constant.  When  the  parasitic 
drain  resistance  is  neglected,  Svd  i*  inversely  proportional  to  (Vq 
.  Vj)^  *.  If  the  parasitic  resistance  is  taken  into  account, 
experimental  data  fit  very  well  to  Eqn.  1  with  Svd  inversely 
proportional  to  (Vq  -  Vx)^  *^. 


Fig  4  Power  spectral  density  calculated  at  IHz  from  least-squares 
fitting  of  experimental  data  measured  in  the  linear  region  as  a 
function  of  Vqs  with  Vq  -  Vx  kept  constant.  The  fit  of 
experimental  data  to  Eqn.  1  is  slightly  improved  when  the 
parasitic  drain  resistance  is  included.  Svd  i*  proportional  to 
Vqs^'  compared  to  Vqj^^  if  that  resistance  is  neglected. 
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B.  Saturation  Region 

Pre-irradiation  noise  measured  in  the  saturation  region  for 
the  power  MOSFETs  was  found  to  be  an  increasing  function 
of  (Vg  -  Vt)  and  independent  of  Vqs  shown  in  Eqn.  2.  As 
is  the  case  for  linear  region  measurements,  the  voltage  applied 
across  the  channel  when  the  transistor  is  biased  in  the 
saturation  region  is  over-estimated  due  to  parasitic  dram 
resistance.  However,  in  the  saturation  region,  the  parasitic 
resistance  has  no  effect  on  the  noise  measurement  since  the 
noise  does  not  depend  on  Vds- 


Here  P  is  a  positive  coefficient  varying  between  2  and  3  for 
the  power  MOSFETs. 

IV.  RESULTS  AND  DISCUSSION 

The  midgap  charge  separation  technique  was  used  to 
detennine  the  contributions  of  oxide-trapped  charge  (AVot)  and 
interface-trapped  charge  (AViO  to  the  threshold  voltage  shift 
(AVt)  [10].  As  expected,  for  n-channel  power  devices  as  weU 
as  for  p-channel  devices,  oxide-trapped  charge  and  interface 

states  are  created  during  irradiation.  The  subsequent  anneal  was 

performed  at  room  temperature  for  the  n-channel  devices. 
However,  for  the  p-channel  devices,  even  though  most  of  the 
annealing  was  done  at  room  temperature,  a  few  measurements 
were  taken  after  the  annealing  temperature  was  raised  to  SOX! 
to  increase  the  very  slow  annealing  rate.  Figures  5  and  6  show 
the  relative  contributions  of  oxide-trapped  charge  and  interface- 
trapped  charge  to  the  threshold  voltage  for  n-channel  and  p- 
channel  power  MOSFETs  respectively. 


Dose  [kra(l(Si)l  Anneal  Time  [min] 


Fig  6  Evolution  of  AVt.  AVo„  and  AV;,  for  a  p-chai^l  power 
MOSFET  MTM8P08  through  irradiation  and  anneal.  Most  of  the 
annealing  was  done  at  room  temperature  with  a  bias  of  +9V  on  the 
gate  while  source  and  drain  were  grounded.  Due  to  the  very  slow 
annealing  rate,  some  measurements  were  taken  annealing 

temoerature  was  increased  to  80°C  (Dorn  1500  to  2000  mm.). 


The  increase  in  the  noise  magninide  measured  in  the  linear 
and  in  the  saturation  region  as  a  function  of  the  total  dose  is 
iUustrated  in  Figs.  7  and  8  for  n-channel  and  p<hannel  power 
MOSFETs  respectively.  In  both  n-channel  and  p-channel 
transistors,  the  noise  measured  in  the  linear  region  increases  by 
more  than  one  order  of  magnitude  after  a  total  dose  of  17 
krad(Si).  However,  the  noise  measured  in  the  saturation  region 
remains  almost  unchanged  fluctuating  around  an  average  value. 


Dose  [kra(l(Si)]  Anneal  Time  [min] 


Fig  5  Evolution  of  AV«.  and  AV;,  for  a  n-channel  power 
MOSFET  through  irradiation  and  anneal.  The  annealing  was  done 
at  room  temperature  with  a  bias  of  +9V  on  the  gate  while  the 
sources  and  drain  were  grounded. 


Fig  7  Comparison  of  the  noise  measured  in  the  linear  region 
(squares)  and  in  the  saturation  region  (circles)  for  a  n-ch^el 
power  MOSFET  IRF440.  The  biases  are  those  reported  m  Table 

1. 
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Fig  8  Comptrison  of  the  noiie  measured  in  the  linear  region 
(squares)  and  in  the  saturation  region  (circles)  for  a  p-chinnel 
power  MOSFET  MTM8P08.  The  biases  are  those  reported  in 
Table  1. 

A  correlation  between  noire  measured  in  the  linear  or 
saturation  region  and  AVot  and  AVu  was  investigated  for  both 
n-channel  and  p<hannel  power  MOSFETs.  Figures  9  and  11 
show  how  the  1//  noire  is  affected  by  the  irradiation  and  the 
subsequent  anneal  for  the  n-chaiuiel  and  p-chaiuiel  power 
MOSFET  reflectively. 

A  comparison  between  Hg.  9  and  Rg.  5  illustrates  that  the 
noire  is  increasing  when  the  contribution  of  oxide-trapped 
charge  to  the  threshold  voltage  shift  is  increasing  during  the 
irradiation  and  decreasing  when  the  contribution  of  oxi^- 
trapped  charge  to  the  threshold  voltage  shift  is  decreasing 
during  the  annealing.  Hgure  10  confirms  that  correlation 
showing  that  the  noire  is  varying  with  AVot  at  the  same  rate 
throu^  irradiation  and  annealing. 


1AV„J[V1 


Fig  10  Mignitude  of  the  Iff  noise  mewured  in  the  lineir  region 
for  a  n-channel  power  MOSFET  IRF440  as  a  function  of  AVg, 
through  inadiation  (closed  symbols)  and  annealing  (open 
symbols). 

However,  it  should  be  noted  that  at  the  same  time,  the 
contribution  of  interface-trapped  charge  to  the  threshold  voltage 
shift  is  increasing  during  the  irradiation  as  well  as  during  the 
annealing.  Even  though  the  build-up  of  interface-state  charge 
is  not  obvious  in  Fig.  5  during  the  annealing,  that  trend 
suggests  no  correlation  between  interface-state  charge  and 
noire. 

Considering  now  the  p-channel  power  MOSFETs.  Hgs.  1 1 
and  12  depict  the  evolution  of  the  noise  magnitude  through 
irradiation  and  annealing.  Comparing  Fig.  6  with  Fig.  11 
shows  that  now  the  noise  is  increasing  when  the  contribution 
of  interface-trapped  charge  to  the  threshold  voltage  shift  is 
increasing.  That  apparent  correlation  is  well  confirmed  by 
Fig.  12  which  shows  that  the  noire  is  increasing  with  the 
same  rate  during  irradiation  and  anneal. 


Fig  9  Evolution  of  the  1//  noise  for  •  n-chmnel  power  MOSFET 
IRF440  biased  in  the  linear  region  through  irradiation  and  anneal. 


Fig  11  Evolution  of  the  Iff  noise  for  a  p-channel  power  MOSFET 
biased  in  the  linear  region  through  inadiation  and  anneal. 
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Fig  12  Mignitade  of  die  1//  noise  measured  in  the  linear  region 
for  a  p-channel  power  MOSFET  as  a  function  of  AV^,  through 
irradiation  (closed  symbols)  and  aimealing  (open  symbols). 

In  summary,  the  noise  measured  in  the  linear  region 
correlates  with  AVot  (and  not  AVjO  for  the  n-channel  devices 
through  irradiation  and  anneal  [5,7].  However,  for  the  p- 
channel  devices,  the  noise  continues  to  increase  during 
annealing  despite  a  decrease  in  AVoti  indicating  better 
cMTelation  with  AVjt.  The  change  in  the  noise  measured  in 
saturation  was  much  1^  pronounced  for  both  n-channel  and  p- 
channel  devices. 

The  distinction  between  interface  traps  and  oxide  trapped 
charge  depends  on  the  time  scale  over  which  the  measurement 
is  madft  States  that  exchange  charge  with  the  silicon  more 
rapidly  than  the  measurement  signal  varies  are  identified  as 
interface  traps.  The  differences  between  n-  and  p-chaimel 
devices  suggest  that  there  may  be  differences  in  the  time 
constants  involved.  Differences  between  linear  and  saturation 
region  are  the  result  of  the  strongly  non-uniform  potential 
distribution  along  the  channel  in  saturation. 

The  noise  slope  (a  in  Eqns.  1  and  2)  of  all  the  parts  was 
not  significantly  affected  by  irradiation  and  subsequent  anneal 
and  remained  in  the  range  from  0.85  to  1.09. 

V.  CONCLUSIONS 

The  noise  behaviw  of  both  n-channel  and  p-channel  power 
transistors  is  investigated.  Noise  measurements  on  power 
devices  biased  in  the  linear  region  are  reported  for  the  first 
time.  A  proper  choice  of  bias  conditions  is  essential  for 
applicability  of  linear  region  1//  noise  measurements  in  these 
devices,  in  light  of  problems  specific  to  power  MOSFETs 
biased  in  the  linear  region. 

Pre-irradiation  noise  and  its  evolution  through  irradiation 
and  anneal  are  found  to  be  in  agreement  with  previously 


published  results  for  integrated-circuit  MOSFETs  biased  in  the 
linear  region  [4-7].  Furthermore,  the  build-up  of  interface  traps 
was  found  to  correlate  well  with  the  increase  of  noise  during 
annealing  for  the  p-channel  devices. 

Measurements  taken  in  the  saturation  region  do  not 
correlate  as  well  with  radiation-induced  charge  build-up,  even 
though  the  overall  noise  increases  slightly  during  irradiation. 
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1/f  NOISE  AND  INTERFACE  TRAP  DENSITY 
IN  HIGH  FIELD  STRESSED  pMOS 
TRANSISTORS 

J.  L.  Todsen,  P.  Augier,  R.  D.  Schrimpf  and 
K-  F.  Galloway 

Indexing  terms:  Electron  devices,  Noise,  Metal  oxide  semi¬ 
conductor  structures  and  devices.  Transistors,  Field-effect 
transistors 

Expenmenial  results  for  pMOS  transistors  subjected  to  high 
field  stressing  arc  reported.  I//  noise  and  interface  trap 
density  increase  with  stress  time.  A  direct  relationship 
between  the  increase  in  1//  noise  and  interface  trap  density 
during  the  high  field  stressing  is  observed. 


much  larger  than  the  fluctuating  channel  resistance  of  the 
DUT  and  therefore  did  not  significantly  affect  the  noise  mea¬ 
surements.  The  preamplifier  (EG&G  PARC  Model  113) 
amplified  the  drain  noise  of  the  DUT  by  a  factor  of  5(X)0  to 
levels  more  suitable  for  the  spectrum  analyser  (HP  3582A). 
The  spectrum  analyser  measured  the  noise  m  the  range  2- 
250  Hz.  The  personal  computer  (HP  9816)  controlled  the  spec¬ 
trum  analyser  over  the  general  purpose  interface  bus  (GPIB). 
The  power  spectral  density  of  the  1//  noise  was  calculated 
using  a  least  squares  routine. 


Fig.  1  Block  diagram  of  Itf  noise  measurement  system 

The  measured  1//  noise  followed  the  widely  reported 
relationship  [6-8] 


Introduction:  Early  in  the  study  of  1//  noise  in  MOS  devices, 
Klaassen  [1]  and  Broux  et  ai  [2]  reported  a  direct  relation¬ 
ship  between  1//  noise  and  interface  trap  density  in  pMOS 
transistors.  The  device  under  test  (DUT)  was  biased  in  the 
saturation  region.  By  modifying  the  fabrication  process  for  the 
different  test  samples,  they  were  able  to  produce  a  spread  of 
Di,  values  in  which  they  measured  the  corresponding  I// 
noise.  Recently,  studies  on  power  pMOS  transistors  subjected 
to  ionising  radiation  show  a  similar  direct  relationship 
between  the  noise  and  Di,  through  irradiation  and  subsequent 
anneal  [3]. 

This  Letter  presents  the  results  of  linear  region  1//  noise 
and  Dij  measurements  performed  on  pMOS  transistors  sub¬ 
jected  to  high  electric  field  stressing  of  the  gate  oxide.  High 
electric  fields  imposed  across  the  oxide  allow  electrons  to 
tunnel  through  the  oxide  via  Fowler-Nordhcim  (FN)  tunnel¬ 
ling  [4],  These  tunnelling  electrons  create  additional  traps  in 
the  oxide  [5].  For  the  pMOS  transistors  studied,  the  1//  noise 
increases  during  the  high  field  stressing.  By  plotting  the  1// 
noise  as  a  function  of  a  direct  relationship  between  the 
increase  in  these  two  parameters  is  observed. 
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where  and  V^s  arc  the  DC  bias  conditions,  Vj  is  the 
threshold  voltage,  /  is  the  frequency  in  hertz  and  K  the  noise 
constant.  Eqn.  1  assumes  that  the  1//  noise  originates  from 
fluctuations  in  the  number  of  carriers  in  the  channel  as  pro¬ 
posed  by  McWhorter  [9].  The  experimental  results  Section 
presents  the  I//  noise  results  in  terms  of  the  noise  constant  X 
rather  than  the  power  spectral  density  Sk^  to  remove  the  bias 
condition  dependency  shown  in  eqn.  1. 

Average  Di,  was  measured  using  the  charge-pumping  tech¬ 
nique  presented  by  Groesencken  et  al.  [10].  Verification  mea¬ 
surements  assured  that  no  significant  ‘geometric  component 
was  present  in  the  charge-pumping  measurements. 


Experimental  results:  Fig,  2  shows  the  noise  constant  /v  as  a 
function  of  log  stress  time  for  three  identical  devices.  The 
break  in  the  x  axis  in  Fig.  2  on  the  left  side  indicates  that  the 
initial  (f  =  0)  or  ‘PRE’  value  of  K  is  included  on  the  log  time 
scale.  From  Fig.  2,  K  is  seen  to  steadily  increase  with  log 


Experimental  details:  The  pMOS  transistors  used  in  the 
experiment  had  a  gate  oxide  thickness  of  180  A  and  a  surface 
doping  concentration  of  3  x  10*®cm'^.  The  drawn  dimen¬ 
sions  of  the  transistors  were  W  =  lOpm  and  L=  T75pm. 
The  transistors  were  high  field  stressed  by  forcing  a  constant 
current  from  the  gate  terminal.  With  the  source,  drain  and 
substrate  grounded,  a  current  source  (HP  4145B)  forced  1  mA/ 
cm^  out  of  the  gate  for  a  total  of  5000  s  corresponding  to  a 
total  fluence  of  5C/cm^  through  the  oxide.  The  average 
charge-to-breakdown  was  measured  with  a  current 

density  of  lOmA/cm^  and  was  found  to  be  --60C/cm^.  The 
average  measured  electric  field  across  the  oxide  as  a  result  of 
the  constant  gate  current  was  -- 10  MV/cm.  Periodic  inter¬ 
ruptions  of  the  stressing  allowed  the  l/f  noise  and  D^,  to  be 
measured. 

Fig.  1  shows  the  setup  used  to  measure  the  1//  noise. 
During  the  measurements,  the  transistors  were  biased  in  the 
linear  region  with  the  following  DC  biases:  ^^5  =  —0  1  V  and 
Kgj  =  -lOV.  The  biasing  circuit  provided  extremely  low 
noise  voltage  supplies  to  the  gate  and  drain  resistor  of  the 
DUT.  Typically,  the  system  background  noise  was  almost  two 
orders  of  magnitude  below  the  pre-stress  measured  Iff  noise. 
The  value  of  the  external  biasing  resistor  (500  kfl)  was 
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Fig.  2  Noise  constant  K  against  log  stress  time 

•  device  1 
A  device  2 
■  device  3 
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stress  time.  The  average  D„  values  as  a  function  of  log  stress 
lime  for  the  same  three  devices  are  shown  m  Fig.  3.  again  with 
the  ‘PRE*  value  included.  The  observed  increase  in  with 
stress  time  agrees  with  previously  published  results  [5]. 


Uo^ /3l  stress  time^  s 


Fig.  3  Dif  against  loss  stress  time 
•  device  t 
▲  device  2 
■  device  3 

Relating  shifts  or  increases  in  K  to  0^,  provides  an  easy  way 
to  directly  compare  the  data  of  Figs.  2  and  3.  In  Fig.  4,  the 
increase  in  the  noise  constant  K  is  plotted  as  a  function  of  the 
increase  in  average  As  can  be  seen,  K  and  increase  in 
direct  proportion  during  the  high  field  stressing. 


Fig.  4  Increase  in  noise  constant  K  against  increase  in  £)^ 

•  device  1 
▲  device  2 
■  device  3 

Conclusions:  For  pMOS  transistors  subjected  to  high  field 
stress,  a  direct  relationship  between  the  increase  in  linear 
region  1//  noise  and  is  observed.  This  correlation  during 
high  field  stressing  is  in  agreement  with  measurements  pre¬ 
viously  performed  on  differently  processed  devices  and  devices 
subjected  to  ionising  radiation  [I'-B]. 
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PRMA  EFFICIENCY  IN  ADAPTIVE 
TRANSCEIVERS 

L.  Hanzo,  J.  C  S.  Cheung  and  R.  Steele 

Indexing  terms:  Transceivers,  Signal  processing,  Adaptive 
systems 


The  effects  of  different  speech  source  rates  and  various 
number  of  modulation  levels  on  packet  reservation  multiple 
access  (PRMA)  efficiency  in  an  adaptive  transceiver  are 
investigated  under  the  constraint  of  fix^  channel  bandwidth 
and  benign  cochannel  interference  in  ofTicc  type  cordless  tele¬ 
communications  (CT)  environments.  The  number  of  PRMA 
users  supported  in  a  2(X)kHz  frequency  slot  ranges  from  17 
to  103,  the  required  user  bandwidth  is  between  11-8  and 
I  94  kHz,  and  the  number  of  PRMA  users  per  slot  is  between 
1-7  and  1-94,  respectively. 


Introduction:  It  is  envisaged  that  in  intelligent  third  gener¬ 
ation  personal  communications  networks  (PCN)  the  trans¬ 
ceivers  can  adaptively  reconfigure  themselves  in  order  to  meet 
time-varying  optimisation  criteria.*  In  this  Letter  the  effect  of 
using  packet  reservation  multiple  access  (PRMA)  in  conjunc¬ 
tion  with  adaptive  transceivers  incorporating  full- rate,  half- 
rate  and  quarter-rate  speech  codecs  as  well  as  1,  2  and 
4  bit/symbol  modulation  schemes  is  investigated. 

System  description:  We  focus  our  experiments  on  an  adaptive 
cordless  telecommunications  (CT)  transceiver,  where  the 
modulated  signal  fits  in  a  2(X)kHz  channel  slot  used  in  the 
Pan-European  mobile  radio  system,  known  as  GSM.  The  full- 
rate  speech  source  codec  generates  a  260  bit/20  ms  =  13  kbit  s 
information  stream,  which  is  channel  coded  to  456  bit/ 
20  ms  =  22-8  kbit/s.  However,  instead  of  the  complex  GSM 
control  infrastructure  [2]  here  we  opt  for  a  low-delay,  low- 
complexity  control  scheme  using  a  64  bit  header,  favoured  m 
office-type  CT  schemes  [2].  With  this  64  bit  header  the  source 
information  rate  becomes  (456  +  64)  bits  per  20  ms,  i.e.  520 
bit/ 20  ms  =  26kbit/s.  Similarly,  the  half-rate  codec  generates 
(228  -p  64)  =  292  channel  coded  bits  per  20  ms,  yielding  a 

•  williams.  }.,  HANZO.  L.,  STEELE,  R.,  and  CHEUNG,  I.  c.  s. .  'On  the 
performance  of  adaptive  speech  terminals  for  UMTS’.  Unpublished 
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Abstract 

1// noise  in  irradiated  n-channel  power  MOSFETs  is  com¬ 
pared  to  interface-  and  oxide-trapped  charge  densities.  The  noise 
follows  the  bias  dependences  predicted  by  an  equation  based  on 
the  number  fluctuation  model  derived  for  noise  in  the  saturation 
region.  The  magnitude  of  the  noise  switched  between  two  dis¬ 
tinct  levels  when  the  bias  was  reversed  during  post-irradiation 
annealing.  The  noise  did  not  correlate  well  with  interface  traps 
or  oxide  trapped  charge.  Border  traps  provide  a  reasonable  ex¬ 
planation,  with  charge  compensation  being  an  important  effect. 
During  positive-bias  annealing,  near-interfacial  traps  are  com¬ 
pensated  and  no  longer  contribute  to  the  1// noise.  However, 
when  the  bias  is  reversed,  the  traps  are  decompensated  and  the 
noise  increases  again. 

L  INTRODUCTION 

Oxide  defects  in  metal -oxide-semiconductor  (MOS)  devices 
are  usually  divided  into  two  types:  interface  traps  and  oxide  traps. 
Recently,  however,  Fleetwood  has  defined  a  third  class  of  traps 
called  “border  traps”  [1-3].  These  traps  may  be  physically  iden¬ 
tical  to  oxide  traps  (trapped  positive  charge),  but  are  located  close 
enough  to  the  Si/Si02  interface  that  they  can  exchange  charge 
with  the  silicon  on  a  short  enough  time  scale  that  they  behave 
like  interface  traps  in  many  electrical  measurements.  These  traps 
lie  within  about  3  nm  of  the  Si/Si02  interface,  although  the  pre¬ 
cise  distance  depends  on  the  time  scale  of  the  measuremenL 

One  of  the  measurements  that  might  be  expected  to  be  most 
affected  by  border  traps  is  l^fnoise.  The  exact  cause  of  l//noise 
has  long  been  debated,  with  some  authors  observing  correla¬ 
tions  between  noise  and  interface  traps  [4-6],  and  others  between 
noise  and  oxide  traps  [7-9].  An  emerging  consensus  is  that  the 
noise  is  due  to  near-interface  oxide  traps  that  are  capable  of  ex¬ 
changing  charge  with  the  silicon  on  time  scales  that  produce  the 
observed  low  frequency  l//noise  [2],  Such  traps  are,  by  defini¬ 
tion,  border  traps.  To  investigate  the  behavior  of  llf  noise  in 
power  MOSFETs,  devices  were  characterized  following  irradia¬ 
tion  and  during  subsequent  high  temperature  biased  anneals. 

In  section  II,  a  noise  equation  based  on  the  McWhorter 
number  fluctuation  thee  :y  for  a  MOSFET  biased  in  the  satura¬ 
tion  region  is  derived.  Noise  was  measured  in  the  saturation 


^Work  supported  in  part  by  a  gift  from  the  Intel  Corporation  and  the 
Defense  Nuclear  Agency  (Contract  no.  DNA001-92-C-0022). 
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region  because  the  noise  is  inversely  proportional  to  gate  area, 
and  the  gate  area  of  the  power  MOSFETs  used  was  very  large 
[10],  Biasing  the  devices  in  the  saturation  region  increases  the 
noise  magnitude,  making  it  easier  to  measure.  Section  III  de¬ 
scribes  the  experiment.  Then  the  results  are  presented  and  dis¬ 
cussed  in  section  FV. 

n.  NOISE  THEORY 

The  noise  equation  derived  here  is  for  a  MOSFET  biased  in 
the  saturation  region.  Coordin;ues  are  defined  as  shown  in  Fig¬ 
ure  1.  The  derivation  is  based  on  the  McWhorter  number  fluc¬ 
tuation  model  [11],  which  attributes  noise  to  carriers  from 
the  channel  tunneling  to  traps  in  the  o:<  ide.  The  tunneling  through 
the  energy  barrier  has  a  characterisiic  time  given  by  [12] 

Xr=Toexp(2ax) ,  (D 

where  x  is  the  distance  from  the  channel  to  the  trap  (the  barrier 
thickness),  Xg  is  a  constant  generally  taken  to  be  about  Iff’®  s, 
and  a  is  given  by  [9]: 


where  m*  is  the  effective  mass  of  the  electron  in  the  oxide,  (J)^  is 
the  barrier  height,  and  h  is  Planck's  constant. 

Begin  by  considering  a  small  volume  A  V  in  the  oxide,  and 
an  energy  range  AE.  If  this  volume  element  is  small  enough  that 
all  tr^s  within  it  are  characterized  by  the  same  time  constant 
then  the  power  spectral  density  of  fluctuations  in  the  number  of 
carriers  in  this  element  is  [11]: 

Vv«  -  H,(x.E]i[l-t]AVAE.  (3) 


Fig.  1:  Definition  of  coordinate  system  in  MOSFET.  Distances  in  x  are 
measured  from  the  Si/SiO^  interface. 
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where  a  is  the  frequency  in  radians  per  second,  N^x,  E)  is  the 
trap  density  (in  cm'^eV  ').  and /j.  is  the  Fermi  factor: 


(4) 


with  fj.  being  the  trap  energy  level,  and  is  the  electron  quasi- 
Fermi  level. 

For  a  MOSFET  biased  in  saturation,  a  charge  fluctuation 
will  cause  a  drain  current  fluctuation  given  by 

(5) 

where  ji  is  the  mobility,  is  the  oxide  capacitance  per  unit 
area  is  the  gate  voltage,  and  5V^  is  the  change  in  threshold 
voltage  due  to  fluctuations  in  channel  carriers,  given  by 

5Vr  =  -^^AVAE  .  (6) 


This  assumes  that  each  channel  carrier  fluctuation  momentarily 
neutralizes  a  trapped  hole  in  the  oxide,  affecting  the  threshold 
voltage.  This  gives  rise  to  a  drain  cuirent  power  spectrum  of: 


•5/oAVA£  = 


'^Nj-AVAE  ■ 


(7) 


Using  eq,  (3)  in  (7)  and  integrating  every  and  z  gives; 

I J  ,8, 

The  integral  of  N^x,  E)fJiVf^)dE  is  approximately  klN^E^), 
The  remaining  integral  over  x  can  be  evaluated  by  changing  vari¬ 
ables  to  Tj-  Assuming  a  uniform  trap  distribution,  this  integral 
yields  resulting  in 


(9) 


Using  the  drain  current  equation  for  saturation  and  multiplying 
by  (drain  resistance  squared),  we  obtain 


^Vn 


a(WL)C^^ 


[ya-Vr) 


(10) 


for  the  drain  voltage  noise  power  spectrum. 

This  noise  equation  predicts  that  the  noise  depends  on  the 
bias  through  the  term  This  dependence  is  dem¬ 

onstrated  in  Fig.  2,  which  shows  measured  noise  versus  ^^^1 
(Vq-V^^  for  a  single  MOSFET  biased  with  different  values  of 

/^,  and  The  dependence  is  linear  as  predicted,  but  re¬ 
quires  use  of  a  value  of  slighdy  lower  (by  approximately  0.2 
V)  than  that  obtained  from  linear  extrapolation  of  the  square- 
root-of-/^  vs.  Vq  curve. 

Due  to  the  MOSFET  being  biased  in  the  saturation  region, 
several  inaccuracies  are  added  to  the  noise  equation.  The  main 
difficulty  is  that  the  potential  along  the  channel  is  not  constant 
in  saturation.  This  is  less  a  problem  in  the  DMOS  (Double- 
diffused  MOS)  devices  used  than  in  transverse  MOSFETs,  be¬ 
cause  the  doping  along  the  channel  is  nonuniform,  so  a  nonuni¬ 
form  potential  exists  along  the  channel  even  with  a  linear  region 
bias.  Because  of  the  saturation  region  bias  and  the  non  uniform 
doping,  the  term  N^E^)  should  actually  be  a  trap  distribution 


Fig.  2  :  Noise  from  a  single  MOSFET  versus  for 

ous  biases. 


for  a  range  of  energies  along  the  channel, 

Augier  et.  ai  have  previously  compared  noise  measured  in 
the  saturation  and  linear  regions  in  power  MOSFETs,  and  found 
that  noise  measured  in  the  saturation  region  changed  very  little 
during  irradiation  [10].  Measurements  were  made  using  a  con¬ 
stant  value  of  (V^-Vp,  The  value  of  however,  could  not  re¬ 
main  constant  because  of  changes  in  the  mobility  during  the  ir¬ 
radiation.  If  Augier’s  noise  measurements  are  corrected  by  di¬ 
viding  by  the  square  of  the  normalized  mobility  (because  « 
^  in  eq.  (10)),  the  saturation  noise  behaves  very  similarly  to  the 
linear  nrgion  noise.  In  this  experiment,  the  normalization  af¬ 
fected  only  the  magnimde  of  changes  in  the  noise;  the  general 
trends  were  not  affected. 

Another  ^proximation  made  in  the  derivation  is  the  as¬ 
sumption  that  the  traps  causing  the  noise  are  uniformly  distrib¬ 
uted  in  the  oxide.  For  a  nonuniform  distribution,  the  noise  spec¬ 
trum  will  not  be  1//,  but  will  rather  be  Hp,  where  the  exponent  b 
will  be  less  than  1  for  a  trap  distribution  skewed  towards  the 
interface,  and  wril  be  greater  than  1  for  a  trap  distribution  skewed 
away  from  the  interface  [9,13]. 

m.  Experiment 

The  transistors  used  in  this  experiment  were  commercial 
IRF440  n-channel  power  transistors  produced  by  Motorola  with 
gate  oxide  thickness  of  approximately  110  nm.  The  noise  was 
measured  from  2  Hz  to  250  Hz  on  an  HP3582A  Spectrum  Ana¬ 
lyzer  using  256  averaged  measurements  for  each  frequency.  The 
noise  was  input  to  the  spectrum  analyzer  through  a  PAR  113 
amplifier,  which  amplified  the  noise  by  a  factor  of  5000.  The 
transistor  under  test  was  biased  using  a  specially-built  low  noise 
biasing  circuit  which  provided  a  constant  drain  voltage.  The 
fransistors  were  biased  with  a  drain  current  of  5  m  A  and  a  drain 
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Fig.  3:  Typical  I// noise  power  spectra  from  2  to  250  Hz.  The  lower 
curve  is  for  an  un irradiated  IRF440  power  MOSFET,  the  upper  curve 
for  the  same  device  after  irradiation  and  high  temperature  negative  bias 
anneal. 

voltage  of  3  V  during  the  measuremenL  The  drain  resistor  used 
was  1 

The  measured  noise  at  selected  frequencies  was  downloaded 
from  the  spectrum  analyzer  by  an  HP9816  computer.  The  com¬ 
puter  performed  a  least-squares  line  fit  on  the  logarithm  of  the 
data  to  obtain  the  magnitude  A  and  frequency  exponent  b  of  the 
noise,  as  defined  in  eq.  (11) 


Noise  at  60  Hz  and  its  harmonics  were  not  used  in  the  line  fit¬ 
ting  to  eliminate  noise  pickup  from  external  power  sources. 
Typical  measured  l//noise  is  shown  in  Fig.  3. 

As  seen  in  eq.  (10),  the  noise  varies  as  The 

values  of  and  were  kept  constant  for  each  measurement, 
but  (V^-Kj)  could  not  also  remain  constant,  because  of  changes 
in  mobility  through  irradiation  and  annual.  To  account  for  this, 
noise  magnitude  measurements  were  divided  by  the  normalized 
mobility.  This  method  was  chosen  rather  than  dividing  by  (V^- 

because  the  required  value  of  Vj.  was  not  the  value  obtained 
from  the  square-root-of-/^  vs.  curve,  as  discussed  in  Sec.  H. 

At  the  time  of  each  noise  measurement,  vs.  curves 
were  also  measured.  These  curves  were  measured  on  an 
HP4145B  Semiconductor  Parameter  Analyzer,  and  were  used 
to  calculate  threshold  voltage  shifts,  and  to  deten  :ine  the  amount 
of  shift  due  to  interface  trapped  charge  (AVy  and  oxide  trapped 
charge  (AV^)  using  the  charge  separation  technique  of  McWhorter 
and  Winokur  [14],  The  quantities  AV^  and  AV^  are  directly  pro¬ 
portional  to  changes  in  the  amount  of  interface  trapped  charge 
(N^  and  oxide  tipped  charge  projected  to  the  intenace  (NJ, 
respectively.  Border  traps,  of  greatest  interest  here,  are  divided 
between  the  and  effects  measured  here.  In  addition,  the 
square  of  the  slope  of  the  square-root-of-/^  vs.  curve  was 
used  as  a  measure  of  the  mobility.  AD  mobihty  values  were 


divided  by  the  initial  pre -irradiation  value  to  obtain  a  normal¬ 
ized  mobihty. 

The  devices  were  irradiated  in  a  ®®Co  source  at  a  dose  rate 
of  34  rad(Si)/min  to  a  total  dose  level  of  13,4  krad(Si).  During 
the  irradiation,  the  source  and  drain  of  each  device  was  grounded 
and  +9  V  was  applied  to  the  gate. 

After  irradiation,  the  transistors  were  annealed  at  1(X)°C. 
High  temperature  annealing  was  used  to  accelerate  the  changes 
in  the  traps  involved.  Periodically,  measurements  of  noise  and 
versus  were  made  at  room  temperature  after  the  devices 
had  cooled.  During  the  anneal,  the  devices  were  biased  at  +9  V 
for  positive  bias  anneals,  or  -9  V  for  negative  bias  anneals.  The 
devices  were  annealed  under  positive  bias  for  80  hr,  then  nega¬ 
tive  bias  for  80  hr,  then  positive  and  negative  again,  each  for  80 
hr. 

IV.  RESULTS  AND  DISCUSSION 

The  noise  magnitude  measured  for  a  typical  device  is  shown 
in  Fig.  4.  The  response  is  very  simDar  to  that  seen  in  [7],  with 
the  biggest  difference  being  during  the  first  positive  bias  anneal. 
The  magnitude  clearly  switches  between  two  levels  for  positive 
and  negative  anneals.  The  values  of  A  and  A  are  shown  for 
the  same  device  in  Rg.  5.  The  noise  clearly  does  not  correlate 
with  A which  decreases  in  magnitude  during  the  initial  positive 
bias  anneal,  while  the  noise  increases.  There  is  a  qualitative 
correlation  between  the  noise  and  A but  it  is  quantitatively  a 
poor  correlation.  During  the  first  positive  bias  anneal,  AV^ 
increases  by  0.18  V,  and  the  noise  by  3x10”’  V^/Hz;  when  the 
bias  becomes  negative  AV^  inaeases  by  0.12  V,  which  is  about 
two  thirds  of  the  increase  under  positive  bias,  but  the  noise 
increases  by  14  x  10"’  V^/Hz,  which  is  over  four  times  as  large 
as  the  increase  under  positive  bias.  Since  the  noise  is  directly 
proportional  to  the  trap  density,  as  seen  in  eq.  (10),  interface 
traps  do  not  provide  a  good  explanation  for  the  1// noise. 

The  noise  results  can  be  explained  simply  in  terms  of  bor¬ 
der  traps  and  charge  compensation.  Border  traps  can  be  mea¬ 
sured  using  the  dual-transistor  border  trap  technique  [15]  or  by 
capacitance-voltage  hysteresis  [16].  Neither  of  these  techniques 
has  been  extended  to  power  MOSFETs.  Although  border  traps 
were  not  measured  directly  here,  their  expected  behavior  can  be 
inferred  from  the  measured  values  of  AV^  and  AV. 

The  initial  increase  of  noise  during  the  first  positive  bias 
anneal  is  similar  to  the  increase  in  AV^  during  this  time.  This 
increase  in  interface  traps  is  frequently  seen,  and  often  explained 
by  mechanisms  involving  transport  of  hydrogen  ions  released 
from  trap  sites  in  the  oxide.  The  positive  bias  moves  the  ions  to 
the  interface,  where  various  theories  hypothesize  a  reaction  which 
produces  new  interface  tr^s.  It  is  likely  that  some  of  these  ions 
might  be  c^tured  after  breaking  strained  Si-Si  bonds,  which 
should  be  relatively  plentiful  in  the  near  interface  region  [17]. 
This  would  create  new  trapped  positive  charge  in  the  near  inter¬ 
face  region,  which,  if  close  enough  to  the  interface,  wiU  be  bor¬ 
der  traps.  Thus,  border  traps  could  be  expected  to  increase  dur¬ 
ing  the  early  portion  of  a  positive  bias  anneal.  The  increase  in 
noise  during  the  early  positive-bias  anneal  matches  the  expected 
behavior  of  border  traps. 
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nealed  at  100  °C.  Anneal  C  ias  was  +9  V  for  the  first  80  hours,  -9  V  for 
the  second  80  hrs,  +9  for  the  next  80  hrs,  and  -9  V  for  the  last  80  hrs. 
Noise  has  been  divided  by  the  normalized  mobility  to  account  for  bias¬ 
ing. 


Fig.  5:  Voltage  Shifts  for  same  MOSFET shown  in  Fig.  4. 


Fig.  6;  Exponent  for  Vf  noise  for  same  MOSFET  shown  in  Figs.  4  and 
5. 


When  the  anneal  bias  is  negative,  charge  decompensation 
[18,  19]  is  responsible  for  the  large  inaease  in  noise.  During 
the  positive-bias  anneal,  electrons  are  attracted  into  the  oxide, 
where  they  can  be  trapped  at  or  near  trapped-positive-charge 
sites.  The  new  electron  electrically  compensates  the  trap's  posi¬ 
tive  charge,  thereby  neutralizing  it  as  a  source  of  carrier  fluctua¬ 
tions  in  the  channel.  Fleetwood  et.  al.  have  shown  that  as  many 
as  75%  of  traps  in  an  oxide  might  be  so  compensated  [20,  21]. 
When  a  negative  bias  is  applied,  the  electric  field  can  pull  the 
electrons  back  out  of  the  centers  associated  with  the  trapped 
positive  charge  and  into  the  silicon,  leaving  the  trap  active  again. 
This  decompensation  accounts  for  the  large  increase  in  noise 
under  negative  bias,  as  well  as  the  increases  in  the  measured 
AF  and  AF,,  since  some  of  the  border  traps  will  behave  as  in¬ 
terface  traps  and  so  be  included  in  AF^^.  Because  charge  com¬ 
pensation  is  reversible,  it  accounts  well  for  the  switching  seen 
in  the  noise  [2]. 

By  definition,  border  traps  can  exchange  charge  easily  with 
the  substrate,  so  they  are  very  susceptible  to  charge  compensa¬ 
tion.  Indeed,  if  the  border  traps  are  the  sole  cause  of  the  noise, 
the  change  in  noise  magnitude  indicates  that  75%  of  the  border 
traps  are  being  compensated.  By  comparison,  only  25%  of  the 
bulk  oxide  trapped  charge  produced  by  the  irradiation  is  being 
compensated  (as  measured  by  the  midgap  separation  technique). 

Use  of  a  charge  compensation  model  with  the  noise  model 
implies  a  need  for  two  types  of  electron  trapping:  a  short-term 
(<1  s)  trapping/releasing  to  produce  the  noise,  and  a  longer-term 
trapping  for  the  charge  compensation.  In  the  Lelis  and  Oldham 
model  [18,  19],  the  compensation  trapping  is  associated  with 
the  formation  of  an  electron-spin  pair.  Once  formed,  this  pair  is 
stable  enough  to  last  long  period  of  time  (minutes  to  days), 
with  the  duration  both  bias  and  temperature  dependent  The 
second  trapping  mechanism,  which  prxxluces  the  noise,  is  due  to 
the  trapp^  positive  charge,  which  produces  an  energy  level 
which  electrons  can  tutmel  into  and  out  of  with  relative  ease, 
creating  1// noise.  When  the  trap  site  is  compensated,  the  net 
charge  is  zero,  leaving  the  trapped  hole  ineffective  (or  at  least 
greatly  reduced  in  effectivity)  in  noise  trapping. 

Tbe  noise  exponents  seen  during  the  experiment  varied  from 
approximately  0.88  (in  unirradiated  MOSFETs)  to  1.04.  The 
exponents  measured  for  one  device  are  shown  in  Ftg.  6.  Al¬ 
though  the  value  change  during  the  first  bias  switch  is  not  large, 
it  is  larger  than  the  variation  in  exponent  values  generally  seen, 
which  is  about  ±0.02.  In  addition,  this  behavior  was  evident  in 
all  the  devices  used,  so  we  believe  there  is  a  definite,  if  small, 
COTtelation  between  the  exponent  and  anneal  bias.  The  pre-irra¬ 
diation  value  indicates  that  the  trap  density  is  significantly  skewed 
towards  the  interface.  The  radiation  produces  a  fairly  uniform 
trap  distribution,  making  the  exponent  near  unity.  The  positive 
bias  anneal  produces  slightly  lower  exponents  than  does  the  nega¬ 
tive  bias,  indicating  that  the  positive  bias  moves  the  trap  distri¬ 
bution  towards  the  interface,  and  the  negative  bias  skews  it  away 
from  the  interface.  This  is  consistent  with  holes  being  pushed 
toward  the  interface  under  positive  bias,  and  pushed  away  under 
negative  bias.  This  may  indicate  that  border  tr^s,  which  are 
simply  trapped  boles,  can  be  physically  moved  under  the  biased 
anneds.  Alternatively,  this  may  be  an  issue  of  changes  in  en- 
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ergy  distributions  due  to  the  changes  in  charge  distribution  caused 
by  charge  compensadon;  the  exponent  has  been  found  to  de¬ 
pend  on  energy  distribudon  as  well  as  locadon  distribudon  of 
the  traps  [13]. 

V.  CONCLUSION 

noise  measured  during  annealing  of  irradiated  MOSFETs 
did  not  correlate  well  with  either  oxide  or  interface  trapped 
charge,  but  is  explained  in  terms  of  border  traps.  Charge  com¬ 
pensadon  and  decompensadon  were  also  found  to  be  important 
mechanisms  in  interpredng  the  results.  The  concepts  of  border 
traps  and  charge  compensadon  may  be  sufficient  to  explain  a 
wide  array  of  1//  noise  results.  Because  the  border  traps  are 
located  in  the  near  interface  region  where  stresses  are  greatest 

[17]  and  dependence  on  processing  is  strong,  their  properties 
may  vary  considerably  from  one  technology  to  another  [15].  The 
greatest  usefulness  of  l//noise  may  be  in  invesdgating  the  prop¬ 
erties  of  this  region. 
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V.  Investigating  Total-Dose  Gain  Degradation  in  BJTs 
V.A.  Introduction 

Bipolar  junction  transistors  continue  to  play  an  important  role  in  integrated  circuit  technology, 
particularly  in  the  areas  of  analog  or  mixed-signal  ICs  and  BiCMOS  cireuits.  These  bipolar 
circuits  and  devices  are  important  for  many  systems  that  may  be  exposed  to  ionizing  radiation. 
Modern  bipolar  junction  transistors  have  shown  time-dependent  effects  following  irradiation  that 
differ  from  those  seen  in  MOS  deviees.  Some  types  of  bipolar  devices  show  greater  gain 
degradation  after  low  dose  rate  irradiations  with  low  eleetric-fields  than  after  high  dose  rate 
irradiations.  Moreover,  high  dose  rate  irradiation  followed  by  annealing  can  not  simulate  the  low 
dose  rate  response  of  many  bipolar  devices. 

In  earlier  bipolar  technologies,  the  limiting  factor  for  using  BJTs  in  total  dose  environments  was 
typically  excess  leakage  caused  by  trapped  positive  charge  in  the  field  oxide.  However,  this 
problem  can  be  solved  by  appropriate  process  design  and  layout  techniques.  For  many  current 
bipolar  technologies,  the  total  dose  failure  mechanism  is  reduction  of  the  current  gain.  Ionizing 
radiation  typically  degrades  current  gain  in  the  device  by  increasing  the  base  current  (the 
collector  current  is  not  affected  much). 

The  base  current  in  modem  bipolar  transistors  increases  in  an  ionizing  radiation  environment  due 
to  increased  reeombination  in  the  emitter-base  depletion  region.  The  recombination  current 
results  from  two  interaeting  effects:  (1)  increased  surfaee  reeombination  veloeity  and  (2) 
spreading  of  the  emitter-base  depletion  region.  The  increase  in  surface  recombination  velocity  is 
proportional  to  the  density  of  recombination  centers  at  the  silieon  -  silicon  oxide  (Si-Si02) 
interface  that  covers  the  emitter-base  junction.  These  recombination  centers  are  related  to, 
although  not  preeisely  the  same  as,  the  interface  traps  that  are  commonly  discussed  in  relation  to 
MOS  technologies. 

Since  the  net  charge  introduced  into  the  oxide  by  ionizing  radiation  is  positive,  the  depletion 
region  spreads  on  the  p-side  of  a  p-n  junction.  For  npn  transistors,  this  means  that  the  depletion 
region  spreads  into  the  relatively  lightly  doped  p-type  base  region.  As  the  depletion  region 
increases  in  size,  recombination  current  increases  at  the  Si-Si02  interface  over  the  base  and  in 
the  newly-depleted  silicon  bulk.  In  contrast,  vertical  pnp  transistors  are  relatively  hard  to 
ionizing  radiation,  since  positive  oxide  charge  accumulates  the  surface  of  an  n-type  base. 

In  this  work,  extensive  experimentation  and  modeling  of  trench-isolated  silicon-on-insulator 
bipolar  transistors  from  vertical,  lateral,  and  substrate  technologies  were  performed  to 
characterize  these  devices  for  radiation-induced  gain  degradation.  The  work  focuses  on  how 
dose  rate  and  factors  such  as  processing,  geometry,  and  electrical  bias  affect  the  radiation 
response  of  bipolar  devices.  In  addition,  MOS  eapacitors  fabricated  from  several  of  the  bipolar 
proeesses  were  charaeterized  for  radiation  damage  to  aid  in  explaining  the  physical  mechanisms 
leading  to  gain  degradation  in  the  transistors. 

To  gain  physical  insight,  experiments  were  developed  to  compare  ionizing  radiation  degradation 
with  hot-carrier  stress.  Hot-carrier  stress  in  integrated  BJTs  can  occur  whenever  the  emitter-base 
junction  is  sufficiently  reverse-biased  so  as  to  create  large  electric-fields  within  the  emitter-base 
depletion  region.  This  occurs,  for  example,  in  the  operation  of  certain  emitter-coupled 
differential  pairs  in  eertain  analog-to-digital  converters  and  more  readily  in  the  pull-up  transistors 
of  certain  BiCMOS  gates  used  in  digital  eircuits  during  pull-down  transients.  Energetic  carriers 
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drifting  through  the  emitter-base  depletion  region,  especially  near  the  emitter  periphery,  where 
doping  in  the  extrinsic  base  is  high,  can  suffer  collisions  which  result  in  their  scattering  into  the 
overlying  oxide.  Hot-carrier  susceptibility  is  an  increasing  concern  in  modem  BJTs,  as  vertical 
scaling  of  device  dimensions  dictates  that  higher  base  and  emitter  doping  levels  be  used  to  shrink 
the  emitter-base  depletion  region.  Hot-carriers  can  increase  the  interface  trap  densities  locally, 
resulting  in  larger  surface  recombination  velocities  and  increased  recombination  current  within 
the  emitter-base  depletion  region  in  much  the  same  way  as  radiation  stress.  In  addition,  injected 
carriers  can  become  trapped  in  the  oxide,  either  after  surmounting  the  interfacial  potential  barrier 
or  by  tunneling  through  the  barrier  to  traps  in  the  oxide  bandgap,  where  they  can  bend  the  energy 
bands  and  alter  device  characteristics.  Like  radiation,  hot-carrier  stress  degrades  the  current  gain 
in  BJTs  by  increasing  the  base  current  while  affecting  the  collector  current  negligibly. 

To  gain  further  physical  insight  into  ionizing  radiation  degradation  mechanisms,  mechanical 
stress  at  the  Si-Si02  interface  was  studied.  Mechanical  stress  has  been  reported  to  be  strongly 
linked  to  the  radiation  hardness  of  MOS  capacitors.  Correlations  of  stress  and  radiation  hardness 
in  MOS  capacitors  have  been  made,  for  example,  by  quantifying  radiation-induced  defects  while 
systematically  varying  capacitor  gate  geometry,  gate  thickness  and  time  lapse  following  post¬ 
metallization  anneal.  Since  disclosure  of  these  results,  numerous  improvements  in  the  radiation 
hardness  of  MOS  devices  have  been  attributed  to  modifications  in  Si-Si02  interfacial  stress. 
Furthermore,  it  has  been  suggested  that  radiation  itself  can  act  as  an  impetus  for  improving  the 
radiation  sensitivity  of  MOS  devices  through  a  change  in  Si-Si02  interfacial  stress,  although  very 
little  is  actually  known  about  the  effects  of  ionizing  radiation  on  mechanical  stress  in  Si-Si02 
structures.  While  much  progress  has  been  made  in  understanding  stress-related  radiation  effects 
in  MOS  devices,  no  work  prior  to  this  had  been  done  in  relating  mechanical  stress  and  ionizing 
radiation  effects  in  bipolar  junction  transistors. 

In  this  work,  through  rigorous  experimental  characterization,  computer  simulation  and  modeling, 
hot-carrier  effects  in  poly-  and  single-crystalline  npn  bipolar  transistors  are  investigated  with 
regard  to  radiation  damage  and  device  geometry.  A  physically-based  comparison  between  hot- 
carrier-  and  radiation-induced  gain  degradation  in  bipolar  transistors  is  made  which  emphasizes 
the  mechanisms  of  gain  degradation  by  each  stress  type.  Additionally,  mechanical  stress-related 
radiation  effects  are  investigated  in  single-crystalline  emitter  bipolar  transistors  that  are  subjected 
to  repeated  cycles  of  irradiation  and  anneal. 

The  papers  describing  the  work  on  total  dose  gain  degradation  in  BJTs  are  included  in  Sections 
V.B  through  V.Q.  A  brief  overview  of  each  paper  is  included  here  to  guide  the  reader  through  this 
material. 

Section  V.B.:  R.N.  Nowlin,  E.W.  Enlow,  R.D.  Schrimpf,  and  W.E.  Combs,  “Trends  in  the 
Total-Dose  Response  of  Modern  Bipolar  Transistors,”  IEEE  Trans.  Nucl.  ScL,  vol.  39,  pp.  2026- 
2035,  1992. 

This  paper  examines  a  number  of  factors  that  influence  the  total-dose  response  of  bipolar  junction 
transistors,  including;  emitter  bias,  transistor  polarity,  emitter  technology,  emitter  geometry,  base 
design,  and  dose  rate.  Physical  mechanisms  for  each  of  the  observed  effects  are  given. 
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Section  V.C.:  R.N.  Nowlin,  D.M.  Fleetwood,  R.D.  Schrimpf,  R.L.  Pease,  and  W.E.  Combs, 
“Hardness- Assurance  and  Testing  Issues  for  Bipolar/BiCMOS  Devices,”  IEEE  Trans.  Nucl  ScL, 
vol.  40,  pp.  1686-1693,  1993. 

In  this  work,  the  dose-rate  dependence  of  bipolar  current-gain  degradation  is  mapped  over  a  wide  range 
of  dose  rates.  Annealing  experiments  following  irradiation  show  negligible  change  in  base  current  at 
room  temperature,  but  significant  recovery  at  higher  temperatures.  It  is  shown  that  irradiation  and 
annealing  tests  cannot  be  used  to  predict  the  low-dose-rate  response  of  bipolar  junction  transistors. 

Section  V.D.:  S.L.  Rosier,  R.D.  Schrimpf,  R.N.  Nowlin,  D.M.  Fleetwood,  M.  DeLaus,  R.L. 
Pease,  W.E.  Combs,  A.  Wei,  and  F.  Chai,  “Charge  Separation  for  Bipolar  Transistors,”  IEEE 
Trans.  Nucl.  Sci.,  vol.  40,  pp.  1276-1285,  1993. 

The  role  of  net  positive  oxide  trapped  charge  and  surface  recombination  velocity  on  excess  base 
current  in  bipolar  Junction  transistors  is  identified  in  this  paper.  Two  different  approaches  for 
quantifying  the  effects  of  surface  recombination  velocity  are  given.  The  results  of  the  two  approaches 
are  compared  to  two-dimensional  numerical  simulations  and  experimental  data  taken  from  test 
structures. 

Section  V.E.:  S.L.  Rosier,  R.D.  Schrimpf,  A.  Wei,  M.  DeLaus,  D.M.  Fleetwood,  and  W.E. 
Combs,  “Effects  of  Oxide  Charge  and  Surface  Recombination  Velocity  on  the  Excess  Base 
Current  of  BJTs,”  in  Proc.  IEEE  Bipolar/BiCMOS  Circuits  and  Technology  Meeting,  1993,  pp. 
211-214. 

In  this  paper,  the  effects  of  positive  oxide  trapped  charge  and  surface  recombination  velocity  on  the 
excess  base  current  in  bipolar  junction  transistors  is  investigated.  The  effects  of  the  two  types  of 
damage  can  be  detected  by  plotting  the  excess  base  current  versus  base-emitter  voltage.  Differences 
and  similarities  between  ionizing-radiation-induced  and  hot  electron-induced  degradation  are 
discussed. 

Section  V.F.:  A.  Wei,  S.L.  Rosier,  R.D.  Schrimpf,  D.M.  Fleetwood,  and  W.E.  Combs,  “Dose- 
Rate  Effects  on  Radiation-Induced  Bipolar  Junction  Transistor  Gain  Degradation,”  Appl.  Phys. 
Lett,  vol.  65,  pp.  1918-1920,  1994. 

Analysis  of  radiation  damage  in  modern  npn  bipolar  junction  transistors  at  various  dose  rates  is 
performed  using  a  charge  separation  method  and  two-dimensional  numerical  simulations.  The  charge 
separation  method  is  verified  with  measurements  on  metal-oxide-semiconductor  capacitors.  It  is 
demonstrated  that  gain  degradation  is  more  pronounced  at  lower  dose  rates. 

Section  V.G.:  A.  Wei,  S.L.  Rosier,  R.D.  Schrimpf,  W.E.  Combs,  and  M.  DeLaus,  “Excess 
Collector  Current  Due  to  an  Oxide-Trapped-Charge-Induced  Emitter  in  Irradiated  NPN  BJTs,”  in 
Proc.  IEEE  Bipolar/BiCMOS  Circuits  and  Tech.  Mtg. ,  1994,  pp.  201-204. 


In  this  paper,  excess  collector  current  in  irradiated  npn  bipolar  junction  transistors  is  linked  to  an 
oxide-trapped-charge-induced  inversion  layer  acting  as  an  additional  emitter.  Excess  collector  current 
is  modeled  by  interpreting  the  inversion  layer  as  an  extension  of  the  emitter. 
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Section  V.H.:  S.L.  Rosier,  W.E.  Combs,  A.  Wei,  R.D.  Schrimpf,  D.M.  Fleetwood,  M.  DeLaus, 
and  R.L.  Pease,  “Bounding  the  Total-Dose  Response  of  Modern  Bipolar  Transistors,”  IEEE 
Trans.  Nucl.  Set,  vol.  41,  pp.  1864-1870,  1994. 

In  this  paper,  an  upper  bound  for  the  total-dose  response  of  modern  bipolar  junction  transistors  is 
presented.  The  radiation-induced  excess  base  current  is  shown  to  saturate  once  a  critical  amount  of 
charge  accumulates  in  the  oxide  above  the  base-emitter  junction.  Circuit  level  implications  for  space 
applications  are  discussed. 

Section  V.I.:  R.N.  Nowlin,  D.M.  Fleetwood,  and  R.D.  Schrimpf,  “Saturation  of  the  Dose-Rate 
Response  of  BJTs  Below  10  rad(Si02)/s:  Implications  for  Hardness  Assurance,”  IEEE  Trans. 
Nucl.  Sci.,  vol.  41,  pp.  2637-2641,  1994. 

In  this  paper,  the  gain  degradation  of  modem  bipolar  transistors  was  investigated  for  dose  rates  ranging 
from  0.01  to  2000  rad  (Si02)/s.  Low-dose  rate  gain  degradation  exceeds  high-dose  rate  degradation 
for  total  doses  less  than  1  Mrad.  It  is  shown  that  the  gain  degradation  saturates  at  low  dose  rates. 

Section  V.J.:  D.M.  Fleetwood,  S.L.  Rosier,  R.N.  Nowlin,  R.D.  Schrimpf,  R.A.  Reber,  Jr.,  M. 
DeLaus,  P.S.  Winokur,  A.  Wei,  W.E.  Combs,  and  R.L.  Pease,  “Physical  Mechanisms 
Contributing  to  Enhanced  Bipolar  Gain  Degradation  at  Low  Dose  Rates,”  IEEE  Trans.  Nucl. 
Sc/.,  vol.  41,  pp.  1871-1883,  1994. 

This  paper  explains  various  physical  mechanisms  that  contribute  to  the  enhanced  gain  degradation  in 
bipolar  junction  transistors  at  low  dose  rates.  Capacitance-voltage  and  thermally-stimulated-current 
measurements  were  performed,  and  a  physical  model  was  developed  to  help  explain  this  phenomenon. 

Section  V.K.:  D.M.  Schmidt,  D.M.  Fleetwood,  R.D.  Schrimpf,  R.L.  Pease,  R.J.  Graves,  G.H. 
Johnson,  R.F.  Galloway,  and  W.E.  Combs,  “Comparison  of  Ionizing  Radiation  Induced  Gain 
Degradation  in  Lateral,  Substrate,  and  Vertical  PNP  BJTs,”  IEEE  Trans.  Nucl.  Sci.,  vol.  NS-42, 
pp.  to  be  published,  1995. 

This  paper  compares  the  amount  of  ionizing-radiation-induced  gain  degradation  in  lateral,  substrate, 
and  vertical  pnp  bipolar  junction  transistors.  The  dose-rate  dependence  of  current  gain  degradation  in 
lateral  pnp  bipolar  junction  transistors  is  even  stronger  than  the  dependence  reported  for  npn  devices. 

It  is  shown  that  the  lateral  devices  degrade  significantly  more  than  the  substrate  devices. 

Section  V.L.:  R.D.  Schrimpf,  R.J.  Graves,  D.M.  Schmidt,  D.M.  Fleetwood,  R.L.  Pease,  W.E. 
Combs,  and  M.  DeLaus,  “Hardness  Assurance  Issues  for  Lateral  PNP  Bipolar  Junction 
Transistors,”  IEEE  Trans.  Nucl.  Sci.,  vol.  NS-42,  pp.  to  be  published,  1995. 

In  this  work,  several  hardness-assurance  approaches  are  examined  and  compared  to  experimental 
results  obtained  at  low  dose  rates.  The  approaches  considered  include  irradiation  at  high  dose  rates 
while  at  elevated  temperature  and  high-dose-rate  irradiation  followed  by  annealing.  The  lateral  pnp 
transistors  are  shown  to  continue  to  degrade  during  post-irradiation  annealing,  which  contrasts  sharply 
to  their  npn  counterparts. 
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Section  V.M.:  S.C.  Witczak,  S.L.  Rosier,  R.D.  Schrimpf,  and  K.F.  Galloway,  “Synergetic 
Effects  of  Radiation  Stress  and  Hot-Carrier  Stress  on  the  Current  Gain  of  NPN  Bipolar  Junction 
Transistors,”  IEEE  Trans.  Nucl.  Sci.,  vol.  41,  pp.  2412-2419,  1994. 

In  this  paper,  the  combined  effects  of  ionizing  radiation  and  hot-carrier  stress  on  the  current  gain  of 
npn  bipolar  junction  transistors  are  investigated.  It  is  shown  that  the  hot-carrier  response  of  the 
transistor  is  improved  by  radiation  damage,  whereas  hot-carrier  damage  has  little  effect  on  subsequent 
radiation  damage.  A  qualitative  model  is  developed  that  implies  that  a  bound  on  damage  due  to  the 
combined  stress  types  is  achieved  when  hot-carrier  stress  precedes  any  irradiation. 

Section  V.N.:  S.L.  Rosier,  M.  DeLaus,  A.  Wei,  R.D.  Schrimpf,  and  A.  Martinez,  Sirnple 
Technique  for  Improving  the  Hot-Carrier  Reliability  of  Single-Poly  Bipolar  Transistors,”  in 
Proc.  IEEE  Bipolar/BiCMOS  Circuits  and  Tech.  Mtg.,  1994,  pp.  205-208. 

This  work  presents  experimental  and  two-dimensional  simulation  results  that  show  that  reduced  screen 
oxide  thickness  leads  to  increased  breakdown  voltage  of  the  emitter-base  Junction  and  reduced  peak 
electric  field  at  breakdown,  which  translates  into  improved  hot-carrier  reliability.  It  is  shown  that 
reducing  the  screen  oxide  thickness  from  55  to  35  nm  increases  the  emitter-base  junction  breakdown 
voltage  by  0.2  V,  improves  the  hot-carrier-induced  excess  base  current  by  more  than  an  order  of 
magnitude,  and  degrades  the  peak  cutoff  frequency  by  only  3  percent. 

Section  V.O.:  R.J.  Graves,  D.M.  Schmidt,  S.L.  Rosier,  A.  Wei,  R.D.  Schrimpf,  and  R.F. 
Galloway,  “Visualization  of  lonizing-Radiation  and  Hot-Carrier  Stress  Response  of  Poly  silicon 
Emitter  BJTs,”  in  lEDM  Tech.  Dig. ,  1994,  pp.  233-236. 


Process  and  device  simulation  software  tools  are  used  in  this  paper  to  produce  an  animated 
visualization  of  the  mechanisms  involved  in  the  ionizing-radiation  and  hot-carrier  stress  responses  of 
bipolar  junction  transistors.  A  physically  base  model  is  presented,  which  compares  ionizing-radiation 
response  with  hot-carrier  response  in  polysilicon-emitter  bipolar  junction  transistors. 

Section  V.P.:  S.C.  Witczak,  W.  Wong-Ng,  R.F.  Galloway,  R.D.  Schrimpf,  J.S.  Suehle,  and  M. 
DeLaus,  “Relaxation  of  Si-Si02  Interfacial  Stress  in  Bipolar  Screen  Oxides  due  to  Ionizing 
Radiation,”  IEEE  Trans.  Nucl.  Sci.,  vol.  NS-42,  to  be  published,  1995. 

In  this  paper,  complementary  single-crystalline  emitter  bipolar  junction  transistors  of  two  emitter 
geometries  were  investigated  for  radiation-induced  current  gain  degradation  while  undergoing  repeated 
cycles  of  ionizing  radiation  exposure  and  high-temperature  anneal.  Current  gain  degradation  was 
found  to  grow  progressively  worse  with  an  increasing  number  of  cycles.  In  conjunction  with  the 
current  gain  measurements,  samples  from  a  monitor  wafer  were  characterized  for  mechanical  stress 
while  undergoing  similar  cycles  of  irradiation  and  anneal.  The  results  suggest  that  mechanical  stress 
may  play  an  important  role  in  determining  the  radiation  hardness  of  bipolar  junction  transistors. 

Section  V.Q.:  S.L.  Rosier,  A.  Wei,  R.D.  Schrimpf,  D.M.  Fleetwood,  M.  DeLaus,  R.L.  Pease, 
and  W  E  Combs,  “Physically  Based  Comparison  of  Hot-Carrier-Induced  and  lonizing- 
Radiation-Induced  Degradation  in  BJTs,”  IEEE  Trans.  Electron  Devices,  vol.  42,  pp.  436-444, 
1995. 


This  paper  presents  a  physically  based  comparison  between  hot-carrier  and  ionizing  radiation  stress  in 
bipolar  junction  transistors.  Although  both  types  of  stress  lead  to  qualitatively  similar  changes  in  the 
current  gain  of  the  device,  it  is  shown  that  the  physical  mechanisms  responsible  for  the  degradation  are 
quite  different.  Based  on  the  physical  model,  implications  for  correlating  and  comparing  hot-carrier- 
induced  and  ionizing-radiation-induced  damage  are  discussed. 
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Abstract 

The  primary  degradation  in  modern  bipolar  transistors 
that  are  subjected  to  ionizing  radiation  is  a  reduction  in 
current  gain.  There  are  many  factors  that  influence  the 
total-dose  response  of  bipolar  transistors,  including  emitter 
bias,  transistor  polarity,  emitter  technology,  emitter  geome¬ 
try,  base  design,  and  dose  rate.  The  effects  of  each  of 
these  factors  are  investigated.  Physical  mechanisms 
consistent  with  the  observed  effects  are  described. 

I.  INTRODUCTION 

In  this  work,  extensive  experimentation  on  trench- 
isolated,  silicon-on-insulator  bipolar  transistors  of  both 
polysilicon  and  standard  (crystalline)  emitter  technologies 
has  been  conducted.  Several  varieties  of  these  processes 
have  been  studied  [1],  [2],  This  paper  discusses  the 
factors  that  affect  the  total-dose  response  of  these  modem 
bipolar  transistors  and  examines  the  trends  observed  in 
testing  these  devices. 

Planar,  doublc-diffused  (or  implanted),  junction-isolated 
bipolar  technologies  have  always  been  relatively  hard  to 
ionizing  radiation  [3],[4J.  The  primary  degradation 
caused  by  exposure  to  ionizing  radiation  is  a  reduction  in 
current  gain.  As  a  result,  digital  technologies  are  usually 
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relatively  hard  (1  Mrad(Si)  or  more)  since  digital  applica¬ 
tions  do  not  require  large  current  gains.  On  the  other 
hand,  linear  technologies,  which  have  more  stringent  gain 
requirements,  may  fail  at  significantly  lower  doses. 

Early  studies  of  radiation-induced  degradation  in  these 
older  bipolar  transistors  indicated  that  the  decrease  in 
current  gain  with  increasing  total-dose  was  dependent  on 
device  perimeter  [5].  The  degradation  was  caused  by  an 
increase  in  surface  recombination  velocity  due  to  increases 
in  the  interface  trap  density  over  the  base-emitter  junction 
near  the  silicon  surface.  There  was  also  a  spreading  of  the 
field-induced  depletion  layer  in  the  base  due  to  positive 
trapped  charge  in  the  field  oxide  [6]. 

Later  technologies  used  recessed  field  oxides  to  increase 
the  speed  and  packing  density  of  bipolar  circuits.  Under 
worst-case  collector-junction  irradiation  bias  conditions, 
failures  in  these  technologies  could  occur  at  a  total-dose  as 
low  as  5  krad(Si)  [7].  The  first-order  failure  mechanism 
was  found  to  be  an  inversion  of  the  p'*’  channel  stop  under 
the  recessed  field  oxide.  This  inversion  layer  provided  a 

current  path  for  buried-layer-to-buried-layer(transistor-to- 

transistor)  leakage.  The  second-order  failure  mechanism 
was  found  to  be  an  inversion  of  the  intrinsic  p-base  along 
the  sidewall  of  an  NPN  transistor  with  a  walled  emitter. 
The  inverted  base  layer  led  to  a  coUector-to-emitter  leakage 
current.  Devices  could  be  hardened  against  buried-layer-to- 
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buried-layer  leakage  by  increasing  the  doping  density  of  the 
p"*  channel  stop,  Collecior-to-emitter  leakage  could  be 
eliminated  by  fully  nesting  the  emitters*  These  total-dose 
failure  mechanisms  still  exist  in  some  BiCMOS  technolo¬ 
gies  today  [8]. 

However,  due  to  many  recent  process  changes,  the 
problems  of  buried-layer-lo-buried-layerand  coUector-to- 
emitter  leakage  have  been  reduced.  The  dominant  degra¬ 
dation  in  many  modem  bipolar  transistors  is  again  a  reduc¬ 
tion  in  current  gain. 

For  example,  transistors  with  polysilicon  emitten  have 
been  introduced  for  their  high  gains,  high  switching  speeds, 
self-aliped  processing,  and  compatibility  with  BiCMOS 
processes  [9], [10], [11].  There  are  several  theories 
to  explain  the  enhanced  gain  of  poly-emitter  transistors, 
many  of  which  involve  the  presence  of  an  interfacial  oxide 
between  the  polysilicon  and  silicon  [12].  These  technol¬ 
ogies  are  sufficiently  different  from  the  older  technologies 
to  warrant  investigation  of  their  total-dose  response  and 
hardening  approaches. 

In  a  recent  study  of  polysilicon-emitter  and  standard- 
emitter  transistors  [1],  it  was  shown  that  in  these  modem 
devices  the  decreases  in  gain  were  caused  by  increases  in 
base  current  at  the  perimeters  of  the  devices.  Thus,  in 
terms  of  the  cause  of  depadation,  modem  devices  are 
similar  to  the  older  technologies  discussed  above.  Conse¬ 
quently,  it  was  concluded  in  reference  [1]  that  the  oxides 
over  the  emitter-base  junctions  provide  the  primary 
mechanisms  of  depadation.  These  oxides  are  poorly 
pown,  perhaps  even  deposited,  and  they  are  heavily 
implanted  in  the  process  of  forming  the  base  and  emitter. 
The  total-dose  characteristics  of  implanted,  poorly-pown 
oxides  are  virtually  unknown.  Furthermore,  since  these 
oxides  lie  over  the  base-emitter  junctions,  there  are  always 
fringing  electric  fields  present  to  influence  carrier  transport 
and  interface  trap  generation.  Theories  have  been  pro¬ 
posed  to  explain  these  phenomena  for  the  older  technolo¬ 
gies  [6],  and  for  the  most  part  are  sufficient  to  explain 
many  of  the  similar  results  in  newer  technologies.  Howev¬ 
er,  these  theories  do  not  explain  the  differences  between 
poly-emitter  devices  and  standard-emitter  devices,  nor  do 
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they  explain  the  dose-rate  effects  noted  in  the  nevver 
technologies  [1],  [2]. 

In  order  to  investigate  these  modem  technologies  more 
thoroughly,  a  fractional  factorial  matrix  of  experiments  was 
performed  for  the  variables  and  levels  listed  in  Table  I  (for 
a  discussion  of  factorial  experiments  see,  for  example, 
reference  [13]).  The  analysis  of  the  results  of  the  frac¬ 
tional  factorial  experiment  suggested  that  collector  bias 
during  irradiation  was  insignificant,  and  reverse  bias  on  the 
emitter  was  the  worst-case  irradiation  bias.  The  AC 
emitter  bias  yielded  results  intermediate  to  the  reverse  and 
forward  bias  effects.  A  full  factorial  matrix  of  experiments 
on  the  reduced  set  of  variables  (eliminating  collector  bias 
and  AC  emitter  bias  conditions)  was  conducted.  Each 
experiment  was  replicated  to  provide  an  estimate  of  the 
experimental  error.  This  standard  error  was  used  to 
determine  the  significance  of  the  effects  of  the  variables. 
An  effect  of  a  variable  is  found  by  first  averaging  the 
response  of  all  experiments  with  the  variable  of  interest  at 
one  level.  This  average  response  is  then  compared  to  the 
average  of  the  responses  of  all  experiments  with  the 
variable  at  the  other  level  For  example,  to  determine  the 
effect  of  transistor  polarity,  the  responses  of  all  NPN 
devices  in  the  experimental  matrix  were  averaged  and 
compared  to  the  average  response  of  all  PNP  devices  in  the 
experimental  matrix.  If  the  effect  was  larger  than  3-times 
the  standard  error,  then  it  could  be  judged  as  a  real  effect 


Table  I  Test  variables  and  levels  used  in  the  factorial  matrix  of 
experiments.  The  AC  emitter  bias  was  a  1  Mhz  triangle  wave 
with  2.5  volts  pcak-to-pcak.  _ 


1  VariaWe  Levels 

Transistor  Polarity 

NPN.  PNP 

Emitter  Technology 

Polysilicon.  Standard 

Dose  Rate 

13.12,  243.6  rad(SiVs 

Collector  Bias  (V^b) 

10.0, 0,0  volts 

Emitter  Bias 

Reverse  Bias,  No  Bias,  Forward 
Bias,  AC  Bias 

Emitter  Geometry 
(P/A  ratio) 

2.67  (square), 

1.53  (3  emitter  stnpes) 

Base  Doping  and  Layout 

with  and  without  a  ring  of 
highly  doped  material 
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•xiih  99%  ceriainiy  based  on  Student’s  r-disiribution  [13]. 
.All  the  results  presented  in  this  work  reflect  the  averaged 
effects  that  were  larger  than  3-times  the  standard  error. 

In  addition  to  the  factorial  matrix  of  experiments, 
several  other  experiments  were  conducted  using  a  range  of 
dose  rates.  Control  experiments  also  verified  that  there 
were  no  effects  due  to  bias  alone  (such  as  hot  electron 
degradation  [14]). 

This  paper  discusses  the  significant  effects  observed 
from  the  many  experiments  performed.  The  significant 
effects  are  those  due  to  emitter  geometry  and  base  design, 
transistor  polarity,  base-emitter  junction  bias,  emitter 
technology,  and  dose  rate. 

II.  Discussion  of  Effects  and  Mechanisms 

The  process  chosen  for  this  study  allowed  polysilicon 
and  standard  emitter  transistors  of  both  NPN  and  PNP 
polarity  to  be  fabricated  in  as  nearly  identical  a  process  as 
possible.  Though  other  processes  have  been  studied  ([1], 
[2]),  this  process  was  chosen  for  the  availability  of  poly¬ 
silicon  and  standard  emitter  devices  of  both  polarities,  and. 


judging  from  the  results,  was  deemed  representative  of  the 
other  processes  studied.  Cross  sections  of  trench-isolated, 
silicon-on-insulator,  double-poly  NPN  and  PNP  devices  are 
shown  in  Figure  1.  Both  polarities  were  available  in  tw-o 
emitter  perimeter-to-area  ratios:  2.67  (1.5  ^  x  1.5 

/i/n,  square),  and  1.53  (3  rectangular  emitter  stripes, 

each  1.5  ^  x  10  /i/n).  The  poly-emitter  devices  differed 
from  the  standard-emitter  devices  only  in  the  emitter 
fabrication, 

Basic  Mechanisms 

There  are  two  basic  mechanisms  involved  in  all  of  the 
effects  of  total-dose  on  the  gain  degradation  of  bipolar 
transistors.  These  two  mechanisms  are  the  accumulation  of 
positive  trapped  charges  in  the  oxides,  and  the  accumu¬ 
lation  of  interface  states  at  the  silicon-silicon  dioxide 
interfaces.  The  interactions  of  these  two  mechanisms  with 
the  factors  of  polarity,  emitter  technology,  base  doping 
density,  emitter  bias,  and  dose  rate  can  account  for  most  of 
the  observed  effects.  Figure  2  depicts  the  base-emitter 
junction  of  an  NPN  device  before  and  after  irradiation. 


p  pkjQ  uun 

n  plug  CS  n*  SI 

Figure  1  Cross  sections  of  NPN  and  PNP.  siiicon-on-insulator.  trench-isolated,  double-poly  bipolar  transistors. 
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interface 

states 


p-base 


(A) 

Figure  2  Magnified  cross-section  of  the  base-emitter  junction 

The  fringing  fields  point  from  the  emitter  to  the  base  (they 
point  in  the  opposite  direction  in  PNP  devices).  In  the 
post-irradiation  case,  the  positive  oxide  charge  and 
interface  states  are  shown.  The  fields  are  modified  by  the 
presence  of  the  charges. 

The  buildup  of  positive  trapped  charge  in  the  oxides 
over  the  emitter-base  junctions  will  deplete  lowly  doped  p- 
type  base  regions.  As  a  result,  the  total  depleted  surface 
area  in  NPN  transistors  increases.  This  increase  in  the 
depleted  surface  causes  an  increase  in  the  surface  recombi¬ 
nation  current.  The  recombination  reaches  a  maximum  in 
forward  biased  junctions  where  the  electron  and  hole 
concentrations  are  equal  (called  the  cross-over  condition). 
The  location  of  the  cross-over,  as  well  as  the  width  of  the 
depletion  region  at  the  surface  is  dependent  on  the  surface 
potential.  The  surface  potential  is  in  turn  dependent  on 
the  distribution  of  charges  in  the  oxide  and  at  the  interface, 
and  the  junction  bias  conditions.  The  surface  recombina¬ 
tion  rate  per  unit  area  for  a  distribution  of  trap  levels  at 
the  surface  of  a  forward  biased  junction  can  be  expressed 
as  [6] 

_ D,(E)dE _  (1) 

cosfal’-^ 

where  a  is  the  effective  capture  cross  section,  is  the 
electron  thermal  velocity,  n  •  is  the  intrinsic  carrier  density, 
P  =  q/kT  (q  is  the  electronic  charge,  k  is  Boltzmann’s 
constant,  T  is  the  temperature),  V  is  the  forward  bias  on 
the  junction,  is  the  trap  density  distribution,  tp/x)  is  the 


(B) 

of  an  NPN  transistor.  (A)  Pre-irradiation.  (B)  Post-irradiation. 

surface  potential  along  the  surface  (thex  direction),  4>^  and 
are  the  electron  and  hole  fermi  levels,  E  is  the  trap 
energy  level,  is  the  intrinsic  energy,  and  and  E^  are 
the  conduction  and  valence  band  energy  levels  respectively. 
The  recombination  rate  (17^)  is  maximum  where  n  =  p, 
which  occurs  at  the  surface  within  the  depletion  region 
where  t|r^(x)  »  (♦.♦♦^)/2.  Since  there  is  more  recombina¬ 
tion  in  the  device,  more  base  current  will  flow  at  a  given 
base-emitter  voltage.  Furthermore,  this  recombination 
occurs  at  the  periphery  of  the  emitter.  As  oxide  charge 
increases,  the  position  of  cross-over  moves  out  further  into 
the  base  until  the  entire  base  region  becomes  inverted. 

The  buildup  of  interface  traps  at  the  silicon-silicon 
dioxide  interface  increases  the  surface  recombination 
velocity.  These  traps  do  not  contribute  surface  current 
when  they  lie  over  undepleted  surfaces,  but  they  are 
effective  recombination  centers  when  they  lie  over  depleted 
surfaces.  Consequently,  there  is  an  interaction  between  the 
positive  trapped  oxide  charge  and  the  interface  traps.  As 
positive  oxide  charge  increases  (particularly  over  a  p-type 
region),  the  surface  depletion  region  increases,  exposing 
more  recombination  sites  due  to  interface  traps.  Thus, 
while  oxide  charges  and  interface  traps  may  increase 
sublinearly  or  even  linearly  with  total  dose,  base  current 
may  increase  superlinearly  with  total  dose.  For  example,  if 
the  total  dose  is  doubled,  the  excess  base  current  more  than 
doubles.  Mathematically,  the  surface  recombination 
current  is  found  by  spatially  integrating  the  recombination 
rate  (1)  over  the  width  of  the  surface  depletion  region,  and 
has  the  form  «  W{D)xD/,D)  where  IV  is  the  surface 
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depletion  width,  and  D  is  the  total-dose.  Due  to  this 
multiplication  of  mechanisms,  the  excess  base  current  can 
be  seen  to  increase  superlinearly. 

In  addition,  the  oxide  charges  and  interface  traps 
interact  with  the  fringing  electric  Gelds  of  the  junction  m 
the  oxide.  The  positive  trapped  oxide  charge  shields  the 
fringing  electric  Gelds  in  the  oxide.  Therefore,  as  positive 
oxide  charge  accumulates,  the  Gelds  change,  and  subse¬ 
quent  accumulation  of  positive  oxide  charge  occurs  under 
different  Geld  conditions.  The  Gelds  will  also  tend  to 
concentrate  the  positive  oxide  charges  and  the  interface 
states  in  the  direction  of  the  Geld  (assuming  the  buildup  of 
interface  traps  occurs  due  to  a  two  stage  H  process 
[15]).  SpeciGcally,  the  damage  will  accumulate  over  the 
base  side  of  the  junction  in  NPN  devices,  but  over  the 
emitter  side  of  the  junction  in  PNP  devices.  In  other 
words,  the  oxide  charges  and  interface  states  accumulate  in 
spatially  nonunifonn  distributions. 

Both  mechanisms  cause  an  increase  in  base  current 
through  increased  recombination.  The  colleaor  current  is 
unchanged.  Therefore,  the  current  gain  decreases.  The 
response  of  the  current  gain  to  total  dose  is  shown  in 
Figure  3  for  a  typical  case.  The  current  gain  in  Figure  3  is 
normalized  to  the  peak  pre-radiation  current  gain, 

The  decrease  in  gain  shown  in  Figure  3  is  the  result  of  the 
increase  in  base  current  as  shown  in  Figure  4. 

The  base  current  in  a  bipolar  transistor  can  be  expressed 

as 


Figure  3  Typical  current  gain  characteristics  for  various  levels  of 
total  dose.  is  the  peak  pre-radiation  current  gam. 


;  ,  (2) 

where  4  is  the  collector  saturation  current,  is  the  base- 
emitter  junction  bias,  /5s  is  a  surface  saturation  current, 
and  ^55  is  a  non-ideality  factor  characterizing  the  recom¬ 
bination.  As  the  total-dose  increases,  values  for  ^55 
inaease  from  1  to  2.  Igs  also  increases  with  total  dose. 
The  Grst  term  in  Eq.  (2)  represents  the  ideal  current 
component  and  is  proportional  to  emitter  area.  The 
second  term  represents  the  non-ideal  recombination 
processes  described  by  Eq.  (1)  and  is  directly  proportional 
to  emitter  perimeter  [1]. 

Emitter  Geometry  and  Base  Design  Effects 

Figure  5  shows  the  normalized  current  gain,  ^  /  Pq,  and 
the  change  in  base  current,  Alg  (measured  at  Vgg  —  0.7  V), 
as  functions  of  total-dose  for  devices  with  different  emitter 
perimeter-to-area  ratios.  The  temperature  dependence  of 
the  base  and  collector  currents  is  approximately  the  same 

and  is  given  by  /(T)  -  where  £,  is  the  silicon 

bandgap,  and  the  temperature  dependence  of  the  diffusion 
length  has  been  neglected  [16].  To  eliminate  any  varia¬ 
tions  in  results  due  to  temperature,  the  base  currents  were 
multiplied  by  a  normalization  factor  of  I^o  I  ^co 

is  an  arbitrarily  Gxed  collector  current.  In  addition,  the 


Figure  4  T^ical  Gummel  characteristic  showing  the  increase  .n 
current  with  total  dose. 
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Total  Ooae  (krad(Si)) 

P/A  (Mm*^ ) 


^  2.67  ^  1.53  2.67  1.63 

Figure  5  The  emitter  perimeter-to-arca  dependence  of  the  total- 
dose  response  of  bipolar  transistors.  =  0.7  y. 

changes  in  base  current  are  presented  as  a  fraction  of  the 

pre-radiation  base  current,  to  eliminate  part-to-part 

variations.  (The  fractional  change  in  is  exactly  the 

same  as  the  fractional  change  in  A(l/^).)  The  current  gain 

normalization,  is  the  pre-radiation  current  gain  at 

^be  =  OJ  y. 

The  two  emitter  geometries  available  in  the  technology 
studied  in  this  work  exhibit  results  consistent  with  similar 
technologies  having  a  greater  variety  of  perimeter-to-area 
ratios  [1].  The  increase  in  the  normalized  base  current  is 
directly  proportional  to  the  perimeter-to-area  ratio. 
Devices  with  large  perimeter-to-area  ratios  will  experience 
larger  increases  in  depleted  surface  area  than  will  devices 
with  smaller  emitter  perimeter-to-area  ratios.  Thus, 
devices  with  larger  perimeter-to-area  ratios  have  larger 
increases  in  base  current.  As  discussed  in  the  introduction, 
the  effect  of  the  variable  of  emitter  perimeter-to-area  ratio 
is  simply  the  difference  between  the  two  curves  of  AI^  in 
Figure  5.  This  effect  is  greater  than  3-times  the  standard 
error  in  these  experiments. 

Furthermore,  the  total-dose  response  of  bipolar  transis¬ 
tors  can  be  slightly  improved  if  the  surface  concentration  of 
the  base  is  increased.  One  means  of  accomplishing  this 
without  changing  the  doping  of  the  bulk  base  region  is  to 
encircle  the  emitter  with  a  ring  of  highly  doped  base 
material.  Often  such  a  region  is  used  to  provide  an  ohmic 
contact  to  the  base  and  has  been  demonstrated  to  improve 
hot  electron  damage.  In  NPN  devices,  the  proximity  of  this 


highly  doped  p***  region  to  the  emitter  will  terminate  the 
spread  in  the  depletion  region  caused  by  the  positive  oxide 
charge.  Figure  6  shows  that  such  a  base  ring  does  provide 
a  slight  increase  in  the  transistor  hardness.  Though  the 
effect  is  small,  it  is  again  larger  than  3-times  the  standard 
enor  determined  from  the  replicated  experiments  in  the 
factorial  matrix.  The  p"^  ring  may  be  far  enough  from  the 
base-emitter  junction  that  most  of  the  damage  has  occurred 
by  the  time  the  spread  in  the  depletion  region  reaches  the 
highly  doped  region.  (The  responses  of  PNP  transistors, 
for  which  the  base  ring  has  little  or  no  effect,  have  been 
averaged  into  this  result  and  may  also  reduce  the  apparent 
magnitude  of  the  effect.) 


With  Bast  Ring  Without  Base  Ring 

-0-  With  Base  Ring  Without  Bsse  Ring 

Figure  6  The  effects  of  base  design  on  the  total-dose  response  of 
bipolar  transistors.  »  0.7  K 

Transistor  Polarity  Effects 

The  differences  in  NPN  and  PNP  transistors  alluded  to 
in  the  last  paragraph  are  seen  in  Figure  7.  Notice  that  the 
gain  decreases  significantly  with  increasing  total-dose.  The 
current  gain  of  NPN  devices  is,  on  average,  less  than  40% 
of  the  pre-radiation  gain  after  a  total-dose  of  only  about 
200  krad(Si).  On  the  other  hand,  PNP  devices  still  have 
60%  of  their  pre-radiation  gain  at  a  total-dose  of  500 
krad(Si).  Many  linear  applications  will  fail  when  the  gains 
of  individual  transistors  fall  below  50%  of  the  pre-radiation 
gain  [17]. 
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NPN  ^  PNP  NPN  -'O*-  PNP 

Fieure  7  Total-dose  responses  of  NPN  and  PNP  transistors. 

=  OJ  K 

PNP  devices  are  harder  than  NPN  devices  because  the 
n-type  base  is  not  depleted.  Furthermore,  the  p-type 
emitter  is  very  heavily  doped  and  very  large  densities  of 
positive  oxide  charge  will  be  required  to  deplete  the 
surface.  Therefore,  the  positive  trapped  charge  in  the 
oxide  has  a  smaller  effect  in  PNP  devices  than  in  NPN 
devices.  In  addition,  the  interface  traps  tend  to  be  concen¬ 
trated  over  the  emitter  side  of  the  junction  by  the  fringing 
electric  fields.  Since  the  PNP  emitter  depletion  region  is 
very  small,  the  number  of  traps  involved  in  recombination 
will  be  smaller  in  PNP  devices  than  in  NPN  devices. 

Bias  Effects 

In  the  studies  of  total-dose  failures  in  bipolar  technolo¬ 
gies  with  recessed  field  oxides,  the  failure  level  was  found 
to  depend  on  collector  bias  since  the  collector  was  directfy 
involved  in  the  leakage  failure  mechanism.  However,  the 
collector  is  not  involved  in  the  gain  degradation  mecha¬ 
nisms.  The  gain  degradation  is  caused  by  damage  to  the 
oxides  over  the  base-emitter  junction.  Therefore,  the  gain 
degradation  is  not  sensitive  to  changes  in  bias  on  the 
collector. 

As  mentioned  above,  the  fields  in  the  oxides  over  the 
base-emitter  junctions,  and  the  direction  of  the  fields  play 
significant  roles  in  the  degradation  of  bipolar  transistors. 
The  field  cannot  be  reversed  for  a  device  of  a  given 
polarity,  but  its  magnitude  can  be  changed  by  the  base- 


emitter  bias.  For  example,  forward  bias  decreases  the  field 
magnitude  while  reverse  bias  increases  the  field  magnitude. 
Figure  8  shows  the  results  of  irradiating  bipolar  transistors 
under  three  different  base-emitter  bias  conditions:  forward 
bias,  zero  bias,  and  reverse  bias.  The  reverse  bias  voltage 
was  chosen  so  that  there  were  no  hot-electron  effects 
present.  It  can  be  seen  that  a  device  under  reverse  bias 
exhibits  greater  degradation  than  a  device  under  forward 
bias.  The  reason  for  this  is  that  the  reverse  biased  device 
has  larger  electric  fields  pointing  toward  the  base  side  of 
the  junction.  Thus  the  buildup  of  traps  and  charges  are 
enhanced  in  comparison  to  the  case  of  forward  bias.  The 
degradation  in  the  case  of  no  base-emitter  bias  lies  some¬ 
where  between  the  degradation  of  the  reverse  and  forward 
bias  cases. 


0.5  -2.0  0.0 


-■G--  0.5  -2.0  0.0 

Figure  8  The  effects  of  different  biases  during  irradiation.  The 
measurement  bias  was  Vgg  =  0.7  V, 

A  note  should  be  made  here  about  the  characterization 
of  the  degradation,  particularly  the  bias  at  which  the 
change  in  base  current  is  measured.  Recombination  is  a 
voltage  dependent  process  characterized  by  a  non-ideality 
factor  between  1  and  2  as  in  Eq.  (2).  Furthermore,  in  Eq. 
(1),  the  bias  voltage  appears  explicitly  in  the  exponent,  but 
the  surface  potential  is  also  dependent  on  the  junction  bias. 
Therefore,  at  small  base-emitter  voltages,  the  recombina¬ 
tion  current  will  dominate  the  I-V  characteristics  of  bipolar 
devices  (see  Figure  4).  As  the  voltage  increases,  the  ideal 
current  begins  to  dominate.  Therefore,  the  change  in  base 
current  is  much  larger  at  lower  voltages.  This  result  is 
shown  in  Figure  9  where  the  response  of  bipolar  devices 
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Measurement  Bias 


-9^  0.8  V  0.7  V 

0.6  V  -0--  0.7  V 

Figure  9  The  effects  of  characterizing  a  device  at  different  base- 
emitter  voltages. 

characterized  at  =  0.6  F  is  compared  to  the  response 
of  bipolar  devices  characterized  at  VsE  =  0.1V.  Note  that 
the  slope  of  the  A/^  curves  is  steeper  at  the  lower  voltage. 
The  lower  voltage  curves  are  more  superlinear  than  the 
higher  voltage  curves  as  a  result  of  the  voltage  dependence 
of  the  surface  potential. 

Emitter  Technolo^  Effects 

Figure  10  shows  a  comparison  of  the  total-dose  respons¬ 
es  of  poly-emitter  devices  and  standard-emitter  devices 
characterized  at  a  base-emitter  voltage  of  =s  0.7  F. 
The  standard-emitter  devices  exhibit  a  larger  change  in 
base  current  for  a  lower  total-dose.  However,  at  larger 
total-doses  the  poly-emitter  devices  may  become  worse 
than  the  standard-emitter  devices.  The  poly-emitter 
devices  exhibit  a  more  strong^  superlinear  response  than 
the  standard-emitter  devices;  Comparing  this  result  to  the 
results  of  Figure  9,  it  may  be  concluded  that  the  same 
mechanisms  are  responsible  for  the  degradation  in  poly¬ 
emitter  devices  as  in  standard-emitter  devices.  However, 
the  magnitudes  of  the  mechanisms  are  different  in  the  two 
types  of  devices.  The  differences  may  be  due  to  the 
different  surface  potentials  caused  by  different  surface 
doping  concentrations,  and  different  emitter  implants  in  the 
oxides. 


Standard  Emitter  Poiy-Emitter 

Standard  Emitter  “-o--  Poly-Emitter 

Figure  10  Comparison  of  the  responses  of  poly-emitter  devices 
with  standard-emitter  devices.  Vbe  -  0-7  V, 

Dose  Rate  Effects 

Figure  11  shows  the  differences  in  total-dose  responses 
of  bipolar  transistors  irradiated  at  two  different  dose  rales. 
Devices  irradiated  at  the  lower  dose  rate  exhibit  larger 
degradation.  This  effect  is  not  fully  understood;  however, 
there  are  several  possible  explanations.  The  interaction  of 
the  electric  Gelds  in  the  oxide  with  the  damage  generated 
by  the  radiation  may  serve  as  the  key  to  understanding  this 
phenomenon.  These  fields  will  change  with  the  buildup  of 
radiation  induced  damage,  and  subsequently  influence 
future  damage.  The  fields  may  also  cause  a  migration  of 
charge  over  long  time  to  the  base  side  of  the  junction.  At 
low  dose  rates  there  may  be  sufficient  time  for  the  buildup 
of  damage  to  occur  simultaneously  with  the  charge  migra- 


Total  Dose  (krad(Si)) 

Dose  Rate 

13.12  rad(SI)/a  243.6  rad(SI)/a 

13.12  rad(SI)/S  243.6  rad(SI)/a 

Figure  11  The  effects  of  irradiating  devices  at  different  dose 
rates. 
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lion.  At  higher  dose  rates,  the  damage  builds  up  first. 
Later,  the  migration  of  charges  may  cause  further  damage. 

Since  the  dose  rate  affects  the  magnitude  of  degra¬ 
dation,  it  is  necessary  to  consider  very  carefully  what  test 
conditions  are  most  suitable  for  the  intended  application. 
iMIL-STD-883B  Test  Method  1019.4  testing  may  not  be 
appropriate  for  modern  bipolar  transistors.  It  requires 
testing  at  ^Co  dose  rates  of  50-300  rad(Si)/s  under  worst 
case  bias  conditions  [18].  It  also  specifies  an  anneal 
procedure  to  test  for  the  rebound  observed  in  FET  technol¬ 
ogies.  However,  annealing  studies  of  modern  bipolar 
transistors  have  shown  that  there  is  no  rebound  for  some 
cases.  The  post-radiation  buildup  of  damage  in  devices 
irradiated  at  high  dose  rates  did  not  achieve  the  levels  of 
degradation  observed  in  low  dose  rate  experiments  [2]. 

III.  Summary  and  Conclusions 

The  various  phenomena  occurring  in  bipolar  transistors 
when  they  are  exposed  to  ionizing  radiation  have  been 
discussed  In  summary,  the  significant  effects  of  total-dose 
damage  in  modem  bipolar  transistors  are  the  following: 

1.  NPN  transistors  degrade  more  than  PNP  transistors. 


3.  Devices  with  small  emitter  perimeter-to-area  ratios 
will  be  less  susceptible  than  devices  with  large  perime- 
ter-to-area  ratios. 

4.  Collector  bias  does  not  affect  gain  degradation. 


6.  The  increases  in  base  current  are  larger  at  small  base- 
emitter  voltages  than  at  large  base-emitter  voltages. 


7.  Poly-emitter  devices  are  initially  harder  than  standard 
emitter  devices,  but  may  become  worse  than  standard 
devices  at  large  total  doses. 


8.  Degradation  is  worse  at  lower  dose  rates. 
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Abstract 

Different  hardness-assurance  tests  are  often  re¬ 
quired  for  advanced  bipolar  devices  than  for  CMOS 
devices.  In  this  work,  the  dose-rate  dependence  of 
bipolar  current-gain  degradation  is  mapped  over  a 
wide  range  of  dose  rates  for  the  first  time,  and  it  is 
very  different  from  analogous  MOSFET  curves. 
Annealing  experiments  following  irradiation  show 
negligible  change  in  base  current  at  room  temperature, 
but  significant  recovery  at  temperatures  of  100®C  and 
above.  In  contrast  to  what  is  observed  in  MOSFETs, 
irradiation  and  annealing  tests  cannot  be  used  to 
predict  the  low-dose-rate  response  of  bipolar  devices. 
A  comparison  of  x-ray-induced  and  ®^Co  gamma-ray- 
induced  gain  degradation  is  reported  for  the  first  time 
for  bipolar  transistors.  The  role  of  the  emitter  bias 
during  irradiation  is  also  examined.  Implications  for 
hardening  and  hardness  assurance  are  discussed. 

I.  INTRODUCTION 

Bipolar/BiCMOS  circuits  and  devices  are  important 
for  many  systems  that  may  be  exposed  to  ionizing 
radiation.  Previous  studies  of  modem  bipolar  tran¬ 
sistors  [1,2]  have  shown  time-dependent  effects  follow¬ 
ing  irradiation  that  differ  from  those  seen  in  MOS 
devices  [3,4].  Furthermore,  the  low-dose-rate  response 
of  bipolar  transistors  is  not  adequately  covered  by 
MIL-STD-883D  Test  Method  1019.4. 

When  bipolar  transistors  are  exposed  to  ionizing 
radiation,  trapped  oxide  charges  and  interface  states 
accumulate  in  the  field  oxides  that  lie  over  the  surface 
of  the  intrinsic  base  [1,2].  This  leads  to  an  increase  in 


^  This  work  was  supported  in  part  by  Sandia  National  Laboratories, 
Albuquerque,  NM;  and  in  part  by  the  Naval  Surface  Warfare  Center, 
Crane,  IN,  through  a  contract  with  the  Mission  Research  Corpora¬ 
tion,  Albuquerque,  NM. 

•  Department  of  ECE,  University  of  Arizona,  Tucson,  A2  85721. 
R.N.  Nowlin  is  currently  supported  by  a  National  Research  Council 
Research  Associateship  at  Phillips  Laboratory /VTET,  Kirtland  AFB, 
NM  87117-5776. 

*  Sandia  National  Laboratories,  Albuquerque,  NM  87185. 

^  RLP  Research,  Albuquerque,  NM  87106.  Formerly,  R.L.Pease 
was  with  the  Mission  Research  Corporation,  Albuquerque 
87106-4245. 

^  Naval  Surface  Warfare  Center,  Crane,  IN  47522. 


tor  exposed  to  ionizing  radiation,  is  the  peak  pre-irradiation 
gain;  V„  is  the  base-emitter  bias. 


Fi®.  2.  Typical  Gummel  curves  for  a  bipolar  transistor  exposed  to 
iomzing  radiation.  and  7^  are  the  base  and  collector  currents. 

surface  recombination  current  in  the  emitter-base 
diode.  Consequently,  there  is  an  increase  in  the  base 
current  of  the  device,  and  the  bipolar  transistor  suffers 
from  a  loss  of  dc  current  gain  as  in  Fig.  1  and  Fig.  2. 
Note  in  Fig.  2  that  there  is  no  change  in  with  dose 
up  to  500  kradCSiOj)  for  this  range  of  Vq^. 

The  total-dose  degradation  can  be  characterized  in 
terms  of  the  change  in  the  base  current  measured  at  a 
given  for  each  level  of  total  dose.  The  change  in 
the  base  current,  or  the  excess  base  current,  increases 
with  total  dose  as  in  Fig.  3.  An  increase  in  excess  base 
current  with  increasing  emitter  perimeter-to-area  ratio, 
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Fig.  3.  Total-dose  and  device-geometry  dependencies  of  the  excess 

base  current  measured  at  Vgg  =  0.7  V.  is  the  pre-rad  current. 

is  also  indicated.  Note  that  the  base  current 
increases  superlinearly  with  total  dose.  That  is,  a 
factor  of  two  increase  in  dose  causes  more  than  a 
factor  of  two  increase  in  excess  base  current,  for 
example.  The  significance  of  the  device  geometry  for 
hardness  assurance  will  be  discussed  in  section  V. 

The  increases  in  base  current  that  are  induced  by 
the  ionizing  radiation  depend  on  many  factors.  It  has 
been  shown  [2]  that  changes  in  the  base  current 
depend  on  transistor  polarity,  emitter  technology,  base- 
emitter  bias,  base  design,  and  dose  rate.  In  this  paper, 
the  dose-rate  and  bias  dependencies  are  examined  more 
closely.  In  addition,  the  post-irradiation  annealing 
response  is  presented  and  shown  to  be  different  from 
standard  MOSFET  amnealing  response.  Recommenda¬ 
tions  for  hardness  assurance  are  made  on  the  basis  of 
the  observed  trends. 

n.  Experimental  details 

Analog  Devices’  (ADI)  XFCB  bipolar  transistors  (see 
Fig.  4  and  reference  [5])  were  exposed  to  10-keV  x  rays 
in  an  ARACOR  4100  semiconductor  irradiation  source. 
The  transistors  tested  had  either  conventional,  im¬ 
planted  emitters  (herein  called  standard  emitters)  or 
polysilicon  emitters.  Several  transistors  were  also 
exposed  to  ®°Co  gamma  rays.  The  dose  rate  ranged 
between  10  and  1760  Tad(SiO^/s  for  the  x-ray  expo¬ 
sures,  and  between  1  and  250  rad(Si02)/s  for  the  “Co 
exposures.  Irradiations  were  performed  under  three 
bias  conditions;  all  terminals  grounded,  2  V  reverse 
bias,  and  0.5  V  forward  bias  on  the  emitter-base 
junction  (the  collector  was  grounded).  The  post-irradia¬ 
tion  room-temperature  annealing  response  was  moni¬ 
tored,  and  several  polysihcon-emitter  NPN  devices 


Fig.  4.  Cross  section  of  ADI's  XFCB  NPN  transistor. 


were  isochronally  annealed  at  elevated  temperatures. 
The  devices  were  characterized  by  measuring  the 
changes  in  base  and  collector  currents  as  functions  of 
the  total  dose  and  the  base-emitter  voltage  (standard 
Gummel  measurements  with  ^CB  =  0V).  The  measure¬ 
ments  were  taken  immediately  following  irradiation. 
The  change  in  the  current  measured  at  =  0.6  V  (/^ 
a*  1  pA)  is  chosen  as  the  figure  of  merit  for  the  radia¬ 
tion-induced  degradation  in  this  work.  The  devices  had 
an  emitter  size  of  1.5  pm  x  1.5  pm. 

m.  RESULTS 

It  was  mentioned  in  the  introduction  that  MIL-STD- 
883D  Test  Method  1019.4  does  not  adequately  cover 
the  low-dose-rate  response  of  bipolar  technologies. 
Consequently,  hardness  assurance  tests  for  bipolar 
technologies  can  be  different  than  tests  for  MOS  tech¬ 
nologies.  This  is  demonstrated  in  the  following  sec¬ 
tions  by  two  striking  examples:  (A)  there  is  more 
degradation  at  lower  dose  rates  than  at  higher  dose 
rates,  and  (B)  post-irradiation  annealing  reduces  the 
degradation  so  that  the  low-dose-rate  response  cannot 
be  predicted  by  high-dose-rate  irradiation  and  anneal¬ 
ing  (as  in  1019.4). 

A.  Dose-Rate  Effects 

Figure  5  shows  the  dose-rate  dependence  of  the 
ionizing-radiation-induced  change  in  base  current  at  a 
total  dose  of  500  krad(Si02)  for  standard-emitter  NPN 
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FI*.  6.  Dose-rate  dependence  of  the  total-dose  response  of  stan¬ 
dard-emitter  NPN  devices  irradiated  in  an  x-ray  source. 


transistors  irradiated  under  two  bias  conditions  in  an 
x-ray  source.  (Each  point  on  the  curve  represents  an 
average  of  the  excess  base  currents  of  two  to  four  devic¬ 
es;  the  pre-irradiation,  device-to-device  variations  in 
measured  at  -  0.6  V  were  less  than  20%.)  Note 
that  zero  bias  is  the  worst-case  bias  for  low-dose-rate 
testing,  while  reverse  bias  is  the  worst-case  bias  for 
high-dose-rate  testing.  Note  also  that  the  magnitude 
of  the  degradation  (excess  base  current)  is  greater  at 
the  low  dose  rates  than  at  the  high  dose  rates.  In  fact, 
the  magnitude  of  the  excess  base  current  is  nearly 
independent  of  dose  rate  above  150  rad(Si02)/s. 
Between  150  rad(Si02)/s  and  10  rad(Si02)/s,  the  excess 
base  current  increases  as  the  dose  rate  is  lowered.  The 
variation  with  dose  rate  is  reduced  in  the  reverse  bias 
case.  That  is,  in  the  zero-bias  case,  the  excess  base 
current  at  dose  rates  of  10  rad(Si02)/s  or  below  is 
about  4  to  5  times  the  excess  base  current  at  dose 
rates  of  100  rad(Si02)/s  and  above.  On  the  other  hand, 
in  the  reverse-bias  case,  the  excess  base  current  at 
dose  rates  of  10  rad(Si02)/s  or  below  is  only  about  2 
times  the  excess  base  current  at  dose  rates  of  100 
rad(Si02)/s  and  above. 

In  ®®Co  irradiations,  the  dose-rate  dependence  ap¬ 
pears  to  weaken  as  the  dose  rate  is  lowered  below  10 
rad(Si02)/s.  Figure  6  shows  the  dose-rate  dependence 
of  the  excess  base  current  for  devices  irradiated  in 
several  ^Co  gamma-ray  sources.  (The  dose  rates  of  the 
exposures  in  each  source  were  confirmed  by  TLD  mea¬ 
surements.)  Comparing  Fig.  5  and  Fig.  6,  note  that  for 
150  rad(Si02)/s  exposures  of  zero-biased  devices,  the 
®°Co  degradation  is  worse  than  the  x-ray  degradation 
by  a  factor  of  about  2.  On  the  other  hand,  at  the  low 
dose  rates,  the  magnitude  of  the  excess  base  current  is 
more  nearly  the  same  for  gamma  rays  as  for  x  rays. 


Fi^  6.  Dose-rate  dependence  of  the  total-dose  response  of  stan¬ 
dard-emitter  NPN  transistors  irradiated  with  *^Co  gamma  rays. 


The  correlation  between  x-ray  and  gamma-ray  degrada¬ 
tion  is  discussed  in  more  detail  in  section  IV.A.  A 
possible  mechanism  for  the  dose-rate  effect  will  be 
discussed  in  section  III.C. 

B,  Annealing  Response 

The  post-irradiation  annealing  response  of  standard- 
emitter,  NPN  transistors  is  shown  in  Fig.  7.  At  room 
temperature,  the  excess  base  current  diminishes 
slightly.  However,  the  excess  base  current  is  signifi¬ 
cantly  reduced  after  a  30  minute,  100®C  annealing 
cycle,  and  it  continues  to  improve  during  subsequent 


rig.  7  Room-temperature  and  isochronal  annealing  responses  of 
reverse-biased,  standard-emitter  NPN  transistors.  All  measure¬ 
ments  were  taken  after  exposure  to  500  krad(Si02)  (post-rad) 
from  **00  at  240  radCSiOj)^,  and  after  the  isochronally  annealed 
pans  were  annealed  for  30  minutes  at  (A)  GO’C,  (B)  100®C.  (Q 
150®C,  (D)  200®C,  and  (E)  250®C.  The  room-temperature  parts 
were  characterized  at  the  same  time  as  the  isochronally 
annealed  parts. 
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cycles,  almost  vanishing  after  the  250®C  cycle.  Similar 
results  have  been  observed  in  the  post- irradiation 
annealing  response  of  polysilicon-emitter  transistors. 
In  addition,  the  post-irradiation  annealing  response  is 
qualitatively  independent  of  the  dose  rate  at  which  the 
radiation  exposure  occurred.  Furthermore,  some  of 
these  devices  have  continued  to  anneal  at  room  temper¬ 
atures  under  bias  for  an  additional  90  days  after  the 
termination  of  the  elevated-temperature  annealing 
cycles.  No  additional  annealing  has  been  observed  in 
these  parts. 

The  excess  base  current  is  sensitive  to  changes  in 
the  midgap -level  interface- state  density  at  the  base 
surface  and  the  net  oxide-charge  density  in  the  base 
oxides  [6,7].  The  large  improvement  in  base  current 
after  the  100®C  annealing  cycle  suggests  that,  in 
addition  to  trapped-hole  annealing,  the  midgap-level 
interface  states  anneal  or  perhaps  transform  in  energy 
at  temperatures  at  or  above  100®C  [8,9]. 

At  first  glance,  the  annealing  of  interface  states  ap¬ 
pears  to  be  contrary  to  what  is  observed  in  MOS  tech¬ 
nologies,  where  the  elevated  temperatures  generally 
accelerate  the  formation  of  interface  states.  However, 
it  must  be  noted  that  the  gain  degradation  in  bipolar 
devices  is  affected  most  strongly  by  the  interface  states 
near  midgap  [7].  MOS  devices,  on  the  other  hand,  are 
affected  by  the  total  charged  interface-trap  density  at 
threshold.  For  zero-bias  annealing  experiments, 
McWhorter,  et  al.  [8]  showed  that  at  100®C,  the  inter¬ 
face-state  density  near  midgap  can  decrease  while  that 
in  the  remainder  of  the  gap  actually  increases  signifi¬ 
cantly.  Thus,  the  annealing  results  of  Fig.  7  do  not 
necessarily  imply  different  interface-state  annealing 
characteristics  in  these  structures,  but  they  certainly 
highlight  the  different  effects  of  interface  states  on 
bipolar  devices  than  on  MOS  devices. 

MIL-STD-883D  Test  Method  1019  requires  irradi¬ 
ating  devices  with  ®®Co  at  dose  rates  between  50  and 
300  rad(Si02)/s  under  worst-case  bias  conditions.  It 
also  specifies  an  annealing  procedure  to  test  for  the 
rebound  observed  in  MOS  technologies,  where  oxide 
charges  typically  anneal  and  the  interface  states 
continue  to  accumulate  [10].  However,  these  rebound 
effects  are  not  observed  in  the  post-irradiation  anneal¬ 
ing  response  of  bipolar  devices.  Consequently,  the 
dose-rate  dependence  of  the  total-dose  response  is  mt 
due  to  time-dependent  increases  in  the  interface  state 
density.  Therefore,  in  contrast  to  what  has  been  ob¬ 
served  in  MOSFETs  [11],  the  degradation  achieved 
after  irradiation  and  annealing  does  not  provide  a 
conservative  estimate  of  the  degradation  obtained  at 
lower  dose  rates. 


Figure  7  demonstrates  that  the  accelerated  aging 
test  in  Test  Method  1019.4  can  not  be  applied  to  pre¬ 
dict  the  low-dose-rate  response  of  bipolar  transistors. 
For  example,  if  test  method  1019.4  were  applied  to  a 
bipolar  device,  instead  of  achieving  the  worst-case 
condition  for  low-dose-rate  exposures,  the  device 
response  would  actually  improve.  Consequently,  hard¬ 
ness-assurance  approaches  different  than  those  used  to 
predict  MOS  low-dose-rate  response  are  required  to 
predict  the  low-dose-rate  response  of  bipolar  devices 
and  qualify  BiCMOS  parts  for  low-dose -rate  applica¬ 
tions. 

C.  Discussion 

Dose-rate  effects  similar  to  those  shown  in  Fig.  5 
and  Fig.  6  have  also  been  observed  in  polysilicon 
emitter  transistors  as  well  as  ADI-field-oxide  capacitors 
irradiated  with  low- field  conditions.  For  example. 
Fig.  8  shows  what  appears  to  be  a  dose-rate  depen¬ 
dence  of  the  midgap-voltage  shift,  in  several  ADI 

capacitors  having  55  nm  field-oxides.  No  clear  trend  in 
interface-state  buildup  was  observed  for  these  devices, 
but  an  increase  in  AVj*  at  low  dose  rates  cannot  be 
ruled  out.  As  with  the  bipolar  transistors,  there  is 
more  shift  at  the  lower  dose  rates.  This  suggests  that 
the  dose-rate  phenomenon  may  be  related  to  charge- 
yield  in  low-field  thick  oxides  irradiated  to  high  doses, 
a  regime  that  has  not  been  extensively  studied  in  MOS 
technologies. 

To  date,  the  dose-rate  effects  of  Fig.  8  have  only 
been  observed  in  MOS  devices  for  these  ADI  field-oxide 
capacitors  irradiated  under  zero-bias  conditions. 
Positive -bias  exposures  for  these  capacitors  and  hard¬ 
ened  capacitors  from  another  technology  do  not  exhibit 


Fig,  8.  Dose-rate  dependence  of  the  mid^p  voltage  shift  in  ADI 
capacitors  with  55  nm  field-oxides  at  0  V  bias. 
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this  dose-rate  effect,  consistent  with  other  experience 
with  MOS  technology  [11].  Furthermore,  preliminary 
TSC  studies  [12]  suggest  that  the  dose-rate  effect  of 
Fig.  8  may  be  related  to  the  charge  distributions  that 
develop  in  the  thick  oxides  during  the  irradiations. 
These  preliminary  results  indicate  that,  at  the  higher 
dose  rates,  more  holes  may  accumulate  in  the  bulk  of 
the  oxide  tmd  fewer  may  accumulate  at  the  Si/SiOj 
interface.  In  cont^rast,  at  the  low  dose  rates,  fewer 
holes  appear  to  accumuliite  in  the  bulk  and  more  seem 
to  trap  near  the  interface.  At  the  high  dose  rates,  the 
larger  hole  density  in  the  bulk  tends  to  reduce  the 
electric  field  in  the  bulk  of  the  oxide.  At  the  low  dose 
rates,  the  bulk  oxide  electric  field  may  be  stronger  due 
to  the  lower  density  of  holes  in  the  bulk.  Therefore,  at 
the  low  dose  rates,  the  charge  yield  appears  to  be 
greater  due  to  the  larger  electric  fields,  and  the  degra¬ 
dation  at  the  interface  is  then  worse  than  at  the  high 
dose  rates.  This  unusual  response  may  be  associated 
with  bulk  damage  to  the  oxide  [13]  due  to  the  ion 
implantation  through  the  base  surface  oxide. 

This  scenario  is  also  supported  by  the  x-ray  to  “Co 
correlation  data  discussed  in  section  IV.A  below  in 
connection  with  Fig.  9  where  the  ratio  of  the  x-ray 
degradation  to  the  gamma-ray  degradation  increases 
from  about  0.5  to  1.0  as  the  dose  rate  decreases.  The 
increased  ratio  is  consistent  with  an  increase  in  field 
strength  at  the  lower  dose  rates,  since  the  x-ray- 
induced  charge  3deld  is  more  sensitive  to  the  electric 
field  than  the  gamma-ray-induced  charge  yield  [14]. 
While  this  seems  to  be  a  consistent  explanation  of  the 
dose-rate  response  of  Figures  5,  6,  8,  and  9,  more  work 
certainly  is  warranted  on  this  topic. 

rv.  ADDITIONAL  Considerations 
A.  X-ray  to  ^°Co  Correlation 

Since  it  is  often  convenient  to  perform  high-dose-rate 
irradiations  in  10-keV  x-ray  sources,  the  relationship 
between  the  x-ray  response  and  the  gamma-ray  re¬ 
sponse  needs  to  be  studied.  Figure  9  shows  the  ratio 
of  x-ray-induced  degradation  to  “Co-induced  degrada¬ 
tion  as  a  function  of  total  dose  for  standard  NPN  devic¬ 
es.  Factors  that  influence  x-ray  to  “Co  comparisons  at 
a  given  dose  rate  include  dose-enhancement  (typically 
greater  in  the  x-ray  case)  and  charge  yield  (typically 
greater  in  the  “Co  case)  [14].  In  the  zero-biased  devic¬ 
es  irradiated  at  150  rad(Si02)/s,  the  “Co-induced  deg¬ 
radation  is  worse  than  the  x-ray-induced  degradation 
by  factors  ranging  from  about  1.5  at  low  total  doses  to 
2  at  higher  doses.  The  “Co  degradation  is  worse  than 


Fw9  Ratio  of  10-keV  x-ray-induced  de^adation  to  “Co-induced 
degradation.  Inset  shows  cross-section  of  base  surface  oxides 
that  are  damaged  by  the  irradiations.  Electric  fields  in  these 
oxides  are  significant  factors  in  the  radiation  response,  and  the 
x-ray  to  “Co  correlation. 

the  X-ray  degradation  since  recombination  of  radiation¬ 
generated  carriers  in  the  oxide  during  x-ray  irradiation 
at  low  fields  is  enhanced  (Le.,  charge  yield  is  reduced) 
over  that  which  occurs  during  ®®Co  exposures.  For  the 
reverse -biased  devices,  where  the  electric  fields  in  the 
base  surface  oxides  are  stronger  than  in  the  zero-biased 
devices,  the  x-ray  degradation  is  slightly  worse  than 
the  *°Co  degradation  for  low  total  doses.  The  enhanced 
x-ray  response  suggests  dose  enhancement  in  these 
structures  [14].  The  polysilicon  layers  in  the  XFCB 
transistors  are  contacted  by  a  platinum  silicide. 
Platinum  is  a  high-Z  material  that  may  emit  secondary 
electrons  and  cause  dose  enhancement.  Dose  enhance¬ 
ment  appears  to  dominate  the  comparison  in  Fig.  9 
under  the  reverse-bias  condition,  while  charge-yield 
appears  to  dominate  under  the  zero-bias  condition. 

The  results  of  Fig.  9  appear  to  be  consistent  with 
how  the  ratio,  A  V’^(x-ray)/A  V’^C^Co),  depends  on  electric 
field  for  MOS  devices  [14].  At  low  fields,  the  ratio  is 
less  than  that  a^higher  fields  because  the  x-ray  results 
vary  more  strongly  with  chaise  yield  at  low  fields  than 
do  the  ^Co  results  [14,15],  This  may  explain  the 
decreasing  ratios  of  A/B(x-ray)/A/B(®°Co)  for  the  -2  V  and 
0  V  bias  cases  at  150  rad(Si02)/s.  At  lower  dose  rates, 
there  is  a  modest  built-in  field  in  the  spacer  oxides.  As 
trapped  holes  build  up  in  the  oxide  with  increasing 
dose,  space-charge  effects  in  the  oxide  can  decrease  the 
electric  field  in  the  bulk  of  the  spacer  oxide  [14].  As 
the  bulk  oxide  field  decreases  with  increasing  dose. 
A/g(x-ray)/A/B(^Co)  also  decreases  due  to  the  increasing 
difference  in  x-ray  to  ®^Co  charge  yield  with  decreasing 
electric  field  [14,15].  At  10  rad(Si02)/s,  on  the  other 
hand,  this  ratio  stays  constant  with  increasing  dose, 
suggesting  that  changes  in  the  base-oxide  field  during 


191 


1691 


irradiation  are  not  as  significant  in  these  devices  at  low 
dose  rates  as  at  higher  rates.  In  addition  to  showing 
that  the  x-ray  to  ®°Co  correlation  for  bipolar/BiCMOS 
devices  can  depend  on  the  dose  rate  of  the  irradiation, 
these  results  also  suggest  that  changes  in  the  base- 
oxide  electric  field  with  total  dose  or  dose  rate  may 
play  a  role  in  determining  the  unusual  dose-rate 
response  of  bipolar  devices  illustrated  in  Fig.  5,  as  was 
discussed  above  in  section  III.C. 

B.  Switched-Bias  Experiments 

The  results  presented  thus  far  in  this  paper  show 
the  response  of  standard  emitter  transistors.  In 
general,  polysilicon-emitter  transistors  exhibit  qualita¬ 
tively  similar  behavior.  However,  there  is  one  notable 
exception  in  the  XFCB  technology,  which  may  be 
present  in  other  technologies  as  well.  In  addition  to  an 
increased  base  current  as  a  result  of  exposure  to 
ionizing  radiation,  there  is  also  an  increase  in  collector 
current  during  ionizing-radiation  exposures  of 
polysilicon-emitter  transistors  under  reverse  bias. 

To  further  investigate  the  role  of  the  emitter  bias  in 
hardness-assurance ,  testing,  polysUicon-emitter  NPN 
devices  were  irradiated  to  1  Mrad(Si02)  with  Vgg  =  -  2 
V,  and  then  subsequently  irradiated  to  another  1 
MradfSiOj)  with  Vgs  =  0.5  V.  Figure  10  shows  the  re¬ 
sponse  of  both  the  base  and  collector  currents  during 
the  switched-bias  experiment.  The  collector  current  in¬ 
creases  by  a  factor  of  five  during  the  first  MradfSiOj), 
and  then  during  the  second  MradfSiOj),  the  initial 
damage  is  effectively  removed.  These  results  are 
strikingly  similar  to  the  radiation-induced  charge  neu¬ 
tralization  observed  in  MOS  switched-bias  experiments, 


Fig.  10.  Switched-bias  experiment  on  poly-emitter  NPN  transiators 

irradiated  with  x-rays.  The  dose  rate  was  1760  rad(SiOj)/s. 


where  the  threshold  voltage  shifts  were  reversed  when 
the  gate  bias  was  changed  during  irradiation  [16]. 

The  increased  collector  current  is  a  voltage- 
dependent  current,  and  it  appears  only  in  XFCB 
polysilicon-emitter,  NPN  transistors  irradiated  under 
reverse  bias.  It  does  not  appear  in  file  XFCB  standard- 
emitter  devices  or  in  PNP  devices.  In  addition,  it  does 
not  appear  in  polysUicon-emitter  devices  fabricated  in 
two  different  processes.  Furthermore,  in  the  XFCB 
process,  there  are  differences  beyond  the  emitter 
fabrication  that  distinguish  the  polysilicon  devices  fixim 
the  standard  devices:  namely,  the  bases  also  have 
different  design  parameters.  Consequently,  this 
phenomenon  is  highly  process  dependent  and  may 
appear  in  other  technologies.  Therefore,  in  terms  of 
hardness  assurance,  care  should  be  taken  to  monitor 
the  collector  current  to  test  for  this  effect. 

V.  Hardening  and  hardness  assurance 

Based  on  the  observed  trends  summarized  in  sec¬ 
tions  III  and  IV,  several  recommendations  can  be  made 
regarding  possible  hardening  approaches  andhardness- 
assurance  testing  for  modem  bipolar  transistors. 

A.  Possible  Hardening  Approaches 

Since  the  excess  base  current  is  sensitive  to  the  base 
surface  condition  {Le.,  doping  distribution,  potential 
distribution,  geometry,  electric  fields  in  the  base 
surface  oxides,  and  implanted-ion  distributions  in  the 
base  surface  oxides),  it  may  be  possible  to  further 
improve  the  radiation  hardness  of  bipolar  devices  by 
increasing  the  base  surface  doping.  Furthermore,  field 
oxides  implanted  with  various  ion  species  have  been 
demonstrated  to  improve  both  hot-electron  and  radia¬ 
tion  hardness  [17,18,19].  In  addition,  reducing  the 
thickness  of  the  base  surface  oxides  will  improve 
radiation  hardness. 

Radiation  hardness  may  also  be  improved  by  design¬ 
ing  devices  with  minimum  emitter  perimeter-to-area, 
PA,  ratios  or  by  using  minimum  P A  devices  in  circuit 
designs.  The  geometric  dependence  of  the  total-dose 
response  was  shown  in  Fig.  3  and  is  further  demon¬ 
strated  in  Fig.  11.  For  example,  large  circular-emitter 
designs  minimize  the  emitter  PA  ratio,  and  thus  muii- 
mize  the  relative  increase  in  the  base  current  due  to 
irradiation.  The  next  best  possibility  for  designing  for 
improved  hardness  would  be  to  use  large  square 
emitter  designs.  The  worst-case  design  for  radiation 
hardness,  which  nevertheless  is  commonly  used  to 
increase  the  current  drive  capacity  of  the  device,  is  to 
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Fl^  11.  Emitter  perimeter-to-area  dependence  of  the  total-dose 
induced  excess  base  current. 


fabricate  devices  with  several  long  and  narrow  emitter 
fingers.  Such  devices  provide  large  area,  but  also  have 
very  large  perimeters,  giving  a  large  PA  ratio. 

A  third  possible  hardening  approach  relies  on  using 
appropriate  circuit  design  rules.  Note  in  Fig.  1  that 
the  peak  gain  shifts  to  higher  collector  currents  as  the 
total  dose  increases.  Many  circuits  are  designed  to 
operate  at  collector  currents  slightly  below  the  peak- 
gain  bias  condition.  However,  this  is  worst-case  for 
total-dose  gain  degradation  since  it  is  the  low  current 
gain  that  degrades  most  severely.  Instead,  if  slightly 
higher  power  consumption  can  be  tolerated,  circuits 
should  be  designed  to  operate  slightly  above  the  peak- 
gain  condition  to  improve  their  radiation  hardness. 
Since  the  peak  gain  shifts  to  higher  currents  during 
irradiation,  the  gain  at  the  higher  bias  condition  will 
not  degrade  so  severely. 

Of  course,  the  design  suggestions  mentioned  above 
imply  tradeoffs.  Designing  for  hardness  assurance 
requires  large- area,  high-current  devices.  Such  a 
design  is  incompatible  with  most  BiCMOS  applications. 
An  alternate  and  preferable  approach  to  hardening 
would  be  to  minimize  the  intrinsic-base  surface  area 
between  the  base  contact  and  the  edges  of  the  emitter, 
since  it  is  this  area  that  is  susceptible  to  the  ionizing- 
radiation  damage.  The  reduction  of  the  base  surface 
area  is  compatible  with  scaling  the  devices  down  for 
higher  packing  density  in  a  BiCMOS  application. 

B.  Hardness-Assurance  Testing 
Recommendations 

The  following  recommendations  are  made  for  testing 
bipolar/BiCMOS  devices.  Though  the  discussion  in  this 


paper  has  concentrated  on  the  results  observ’ed  m  one 
technology,  four  other  technologies  have  been  studied 
with  many  of  the  responses  found  to  be  qualitatively 
similar  in  terms  of  their  dose-rate,  geometry,  and  bias 
dependencies.  Thus,  the  hardness  assurance  tests  we 
recommend  should  provide  a  reasonable  starting  point 
for  developing  standard  tests  for  bipolar  hardness 
assurance.  In  this  regard,  it  is  important  to  remember 
that,  because  of  the  dose-rate  effects  and  the  failure  of 
high-temperature  annealing  to  predict  the  low-dose- 
rate  response,  the  hardness-assurance  testing  approach 
will  depend  directly  on  the  expected  application  of  the 
device.  In  addition,  these  recommendations  apply  only 
to  NPN  devices.  The  dose-rate  effects  have  not  been 
observed  in  PNP  devices,  possibly  because  the  recombi¬ 
nation  occurs  at  the  emitter  surface  of  these  devices 
and  the  higher  doping  minimizes  the  device  susceptibil¬ 
ity  [2]. 

Devices  intended  for  high-dose-rate  environments 
should  be  irradiated  to  the  specified  dose  while  under 
reverse-bias  in  a  *°Co  source.  The  dose  rate  should  be 
above  100  rad(Si02)/s.  (Care  should  be  taken  not  to 
reverse  bias  the  device  strongly  enough  to  introduce 
hot-electron  damage  in  addition  to  the  ionizing- 
radiation-induce  damage.  A  reverse-bias  voltage  that 
is  around  one-third  of  the  reverse  breakdown  voltage 
should  suffice  for  most  modem  devices.)  Both  the 
collector  and  base  current  should  be  monitored.  The 
characterization  should  be  performed  at  the  circuit 
(forward)  bias  level  at  which  the  device  is  intended  to 
be  used.  In  other  words,  if  the  in-circuit  base-emitter 
bias  is  expected  to  be  around  0.7  V,  for  example,  then 
the  gain,  excess  base  current,  and  excess  collector 
current  should  all  be  measured  at  =  0.7  V. 

A  different  testing  approach  is  required  if  the 
devices  are  intended  for  low-dose-rate  space  applica¬ 
tions.  In  this  case,  zero-biased  devices  should  be 
irradiated  to  the  total  dose  of  interest  in  a  ®°Co  source 
at  a  dose  rate  of  10  rad(Si02)/s  or  below.  Again,  the 
change  in  the  base  current  or  the  change  in  the  dc 
current  gain  should  be  measured  at  the  intended  bias 
for  the  device.  A  factor-of-two  margin  should  be  used 
to  account  for  the  increased  degradation  at  the  lower 
dose  rates.  A  larger  factor  may  be  necessary  if  the 
disparity  between  the  test  dose  rate  and  the  applica¬ 
tion  dose  rate  is  large. 

Most  significantly,  to  reiterate,  do  not  bake  bipolar 
devices  in  an  attempt  to  predict  the  low-dose-rate 
response  as  in  Test  Method  1019.4  for  MOS  devices  In 
a  bipolar  device,  the  post-irradiation  annealing  will 
reduce  the  apparent  damage,  which  is  the  opposite 
effect  of  lowering  the  dose  rate. 
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VI.  SUMMARY  AND  CONCLUSIONS 

The  dose-rate  dependence  of  the  total-dose  gain 
degradation  in  bipolar  transistors  has  been  mapped  for 
a  wide  range  of  dose  rates  for  the  first  time.  In  addi¬ 
tion,  it  has  been  shown  that  the  post-irradiation 
annealing  response  does  not  simulate  the  greater 
degradation  observed  at  the  lower  dose  rates.  Prelimi¬ 
nary  field-oxide  capacitor  studies  suggest  that  the 
mechanism  for  the  dose-rate  ciTcct  may  be  related  to 
charge  yield  in  the  base  surface  oxides,  and  studies  of 
the  correlation  between  x-ray  and  ®°Co  degradation 
support  this  scenario.  Based  on  the  observed  experi¬ 
mental  trends,  possible  hardening  approaches  for 
bipolar  technologies  have  been  identified.  Further¬ 
more,  recommendations  for  hardness-assurance  testing 
of  bipolar  devices  include  testing  at  dose  rates  below  10 
rad(Si02)/s  and  applying  safety  factors  (margin)  to  esti¬ 
mate  the  space-environment  response. 
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Abstract 

The  role  of  net  positive  oxide  trapped  charge  and  surface 
recombination  velocity  on  excess  base  current  in  BJTs  is 
identified.  Although  the  interaction  of  these  two  radiation- 
induced  defects  is  physically  complex,  simple  2{>proaches  for 
estimating  these  quantities  from  measured  B  JT  characteristics 
are  presented.  The  oxide  charge  is  estimated  using  a  transition 
voltage  in  the  plot  of  excess  base  current  vs.  emitter  bias.  Two 
cqiproaches  for  quantifying  the  effects  of  surface  recombination 
velocity  are  described;  the  first  measures  surface  recombina¬ 
tion  directly  using  a  gated  diode.  The  second  estimates  its 
effects  using  an  intercept  current  that  is  easily  obtained  from  the 
B  JT  itself.  The  results  are  compared  to  two-dimensional  simu¬ 
lations  and  measurements  made  on  test  structures.  The  tech¬ 
niques  are  simple  to  implement  and  provide  insight  into  the 
mechanisms  and  magnitudes  of  the  radiation-induced  damage 
in  BJTs. 

L  INTRODUCTION 

Bipolar  junction  transistors  (BJTs)  continue  to  play  an  impor¬ 
tant  role  in  integrated-circuit  technology,  particularly  in  the 
areas  of  analog  or  mixed-signal  ICs  and  BiCMOS  circuits.  In 
earlier  bipolar  technologies,  the  limiting  factor  for  using  BJTs 
in  total-dose  environments  was  typically  excess  leakage  caused 
by  tr^jped  positive  charge  in  the  field  oxide  [1, 2].  However, 
this  problem  can  be  solved  by  appropriate  process  design  and 
layout  techniques.  For  many  current  bipolar  technologies,  the 
total-dose  failure  mechanism  is  reduction  of  the  current  gain 

(W- 

The  current  gain  of  modem  bipolar  transistors  in  an  ionizing 
radiation  environment  decreases  due  to  increased  recombina¬ 
tion  in  the  emitter-base  depletion  region  [3-6].  The  recombina¬ 
tion  current  increases  because  of  two  interacting  effects:  (1) 
increased  surface  recombmaiion  velocity  and  (2)  spreading  of 
the  emitter-base  depletion  region.  The  increase  in  surface 
recombination  velocity  is  proportional  to  the  density  of  recom¬ 
bination  centers  at  the  silicon/silicon  dioxide  interface  that 
covers  the  emitter-base  junction.  These  recombination  centers 
are  related  to,  although  not  precisely  the  same  as,  the  interface 


University  of  Arizona,  Tucson,  AZ 
^Phillips  Lab/VTC,  Albuquerque,  NM 
*RLP  Research,  Albuquerque,  NM 
*Sandia  National  Labs,  Albuquerque,  NM 
** Analog  Devices,  Inc.  Wobum,  MA 
••NSWC-Crane,  Crane,  IN 


traps  that  are  commonly  discussed  in  relation  to  MOS  technolo¬ 
gies. 

Since  the  net  charge  introduced  into  the  oxide  by  ionizing 
radiation  is  positive,  the  depletion  region  spreads  on  the  P-side 
of  a  PN  junction.  For  NPN  transistors,  this  means  that  the 
depletion  region  spreads  into  the  relatively  lightly  doped  P-type 
base  region.  As  the  depletion  region  increases  in  size,  recombi¬ 
nation  current  increases  at  the  oxide  interface  over  the  base  and 
in  the  newly-depleted  silicon  bulk. 

In  order  to  better  understand  these  two  degradation  mechanisms 
and  develop  hardening  ^jproaches  for  a  specific  process  tech¬ 
nology,  it  is  necessary  to  measure  the  effect  of  each  mechanism 
separately.  A  similar  sittiation  exists  in  MOS  devices;  signifi¬ 
cant  progress  in  understanding  complex  time-dependent  effects 
and  improving  device  hardness  has  resulted  from  the  ability  to 
separate  the  electrical  effects  of  radiation-induced  oxide  trapped 
charge,  and  interface  tr^  In  recent  years,  several 
techniques  have  been  developed  to  separate  and  in 
MOSFETs  [7-10]  and  ASTM  standards  have  been  developed 
for  the  subthreshold  and  charge  pumping  techniques.  The 
reason  for  the  success  of  multiple  techniques  for  charge  sepa¬ 
ration  in  MOSFETs  is  that  the  effects  of  and  AN^^  are  not 
interactive  to  first  order.  For  example,  AV^f^  is  simply  an 
additive  effect  of  two  voltage  shifts  AV^^  and  AV^p  The  room 
temperature  long  term  ionization-induced  change  in 
transconductance,  Ag^,  is  mainly  a  result  of  the  effect  on 
mobility  of [8,9]. 

To  date,  no  charge-separation  technique  for  bipolar  transistors 
is  available.  In  BJTs,  the  combined  effects  of  net  positive 
charge  in  the  oxide  and  interface  states  are  strongly  nonlinear. 
The  main  parameter  affected  by  ionizing  radiation,  increased 
base  surface  recombination  current  (AIq),  is  an  interactive 
combination  of  AN^^  and  near-midgap  [3, 1 1].  The  oxide 

charge  changes  the  surface  potential  along  the  base  surface, 
causing  depletion  in  an  transistor.  The  interface  states  near 

midgap  cause  an  increase  in  the  surface  recombination  velocity. 
Since  the  surface  recombination  rate  is  strongly  dependent  on 
the  surface  potential,  the  effects  of  AN^^  and  AN on  are 
interactive  and  not  simply  additive.  In  addition,  the  quantities 
of  interest  in  BJTs  are  not  precisely  the  same  as  those  in 
MOSFETs:  in  MOSFETs  is  a  measure  of  the  number  of 

charged  interface  states  at  threshold.  In  B  JTs,  on  the  other  hand, 
the  excess  base  current  depends  on  the  number  of  interface 
states  (recombination  centers)  near  midgap,  not  the  total  num¬ 
ber  between  midgap  and  threshold.  The  excess  base  current  due 
to  changes  in  surface  potential  depends  on  the  total  radiation- 
induced  oxide  char;,;^  at  the  bias  condition  and  lateral  position 
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Figure  1.  Representative  cross-section  of  the  devices  studied  in 
this  woik. 


Table  1.  Relevant  device  parameters  for  the  two  device  technolo¬ 
gies  studied  in  this  work. 
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e-b  junction  depth 

0.3 

0.3 

pm 

Intiinf  ic  Base  Surface  Doping 

9.0x10*’ 

TAIO'’ 

cm'-* 

Oxide  Thicknea 

5450 

550 

A 

of  interest  In  general,  this  includes  contributions  of  both  fixed 
oxide  charge  and  charged  interface  tr^)s.  These  considerations 
greatly  complicate  the  development  of  a  simple  charge  separa¬ 
tion  technique  for  bipolar  transistors. 


The  charge-separation  approach  described  in  this  paper  uses 
easily  measured  changes  in  the  vs.  Vg£  curve  to  estimate 
the  effects  of  changes  in  surface  recombination  velocity  and 
charge  in  the  oxide.  While  the  net  charge  in  the  oxide  is  certainly 
related  to  both  and  and  the  surface  recombination 
velocity  is  related  to  ANjp  it  is  essential  to  note  that  these 
quantities  are  not  identical  to  the  ones  used  to  describe  itmizing- 
radiation  effects  m  MOSFETs.  It  is  preferable  to  use  natural 
quantities  that  describe  the  physics  of  the  device  instead  of 
force-fitting  quantities  from  other  devices. 


n.  EXPERIMENTAL  DETTALS 

Two  device  technologies  were  smdied  in  this  woric.  Relevant 
structural  information  for  both  technologies  is  summarized  in 
table  1 .  A  representative  cross-section  of  devices  from  technol¬ 
ogy  A  is  shown  in  figure  1.  The  devices  are  oxide-isolated 
polysilicon  emitter  bipolar  transistors  fabricated  in  a  comple¬ 
mentary  bipolar  process  [12].  Process  B  is  a  related  BiCMOS 
process. 

The  irradiations  of  devices  from  technology  A  were  performed 
in  a  Co-60  source  at  a  dose  rate  of  10  rad(Si)/s.  Devices  from 
technology  B  were  irradiated  with  10  keV  x-rays  at  a  dose  rate 
of  1.7  krad(Si02)/s.  All  pins  were  grounded  during  irradiation. 
AHewlett-Packard4145B  Semiconductor  Parameter  Analyzer 
was  used  for  device  characterization. 


m.  Overview  of  Recombination  Current  In  BJTs 
Exposure  to  ionizing  radiation  usually  degrades  the  current  gain 
in  bipolar  transistors  by  increasing  the  base  current  while 
leaving  the  collector  current  ^proximately  constant  [3-6].  A 
typical  plot  of  common-emitter  current  gain,  versus  base- 

emitter  voltage,  Vg£,for  several  values  of  total  ionizing  dose  is 
shown  in  figure  2.  The  current  gain  degrades  substantially  with 
increasing  total  dose,  especially  at  lower  Vg£.  The  decrease  in 
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Figure  2.  Current  gain  versus  base-emitter  voltage  for  technology 
A. 
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current  gain  is  primarily  due  to  an  increase  in  base  current,  as 
seen  in  figure  3. 

For  convenience  it  is  usually  assumed  that  recombination 
current  in  PN  junctions  varies  as  exp  \fiV/n],  where  n,  the 
ideality  factor,  is  equal  to  two  and  is  the  inverse  thermal 
voltage  iq/kJ).  In  contrast,  the  ideal  component  of  the  current 
due  to  injection  over  the  potential  barrier  associated  with  the 
junction  has  an  ideality  factor  of  one.  In  fig.  2,  note  that  the  pre- 
rad  base  current  has  a  slope  corresponding  to  n  =  1 ,  and  the  slope 
of  the  post-rad  base  current  decreases  for  low  correspond¬ 

ing  to  n  >  1 .  The  fact  that  1  <  n  <  2  in  many  cases  has  important 
consequences  for  charge  separation,  as  will  be  demonstrated 
below. 

IV.  A  Simple  Charge-Separation  METHOD 

To  separate  the  degradation  mechanisms,  it  is  necessary  to 
focus  on  the  primary  device  parameter  affected  by  ionizing 
radiation:  the  excess  base  current  The  base  current  is  written, 
in  general,  as  the  sum  of  the  pre-irradiation  base  current  plus  the 
excess  base  current  due  to  irradiation:  Iq  ,pre'^  ^ 
plot  of  A/^  vs.  Vg£is  shown  in  fig.4.  In  this  figure,  there  are  two 
different  total-dose  ranges  to  notice:  (1)  at  relatively  low  total 
doses,  the  curves  have  two  different  slopes,  coiresponding  to  an 
ideality  factor  of  two  (n  =  2)  for  large  and  n  <  2  for  small 


Figure  4.  Excess  base  current  versus  base-emitter  voltage 
corresponding  to  Hgures  2  and  3. 

and  (2)  for  relatively  high  total  doses,  the  excess  base 
current  has  n  =  2  for  almost  the  entire  voltage  range  of  interest 
Fi^rh  region  will  be  discussed  in  detail  below,  and  the  physics 
responsible  for  the  behavior  will  be  described.  However,  it  is 


useful  to  describe  the  role  these  cur/es  play  in  charge  separaiion 
first  to  motivate  the  detailed  analysis. 

First  consider  the  Alg  curves  that  exhibit  two  distina  slopes 
(the  lower  total-dose  curves).  It  will  be  shown  that  the  slope 
correspondfng  tol</i<2isa  clear  indication  that  surface 
recombination  near  the  junction  is  dominant  The  transition  to 
n  =  2  at  higher  values  of  Vg£  is  a  signature  of  predominandy 
subsurface,  rather  than  surface,  recombination.  The  voltage  at 
which  this  transition  occurs  is  an  indication  of  the  amount  of 
radiation-induced  charge  in  the  oxide  covering  the  emitter-base 
junction  and  the  intrinsic  base.  In  fig.  4,  the  transition  voltage, 
is  shown  for  three  values  of  total  dose.  This  transition 
voltage  can  be  determined  graphically  by  linearly  extrapolating 
the  low-voltage  portion  of  the  curve  and  noting  its  intersection 
with  a  linear  extrapolation  of  the  higher-voltage,  n  =  2,  range. 
The  shift  in  the  transition  voltage  is  a  direct  measure  of  the 
change  in  surface  potential  due  to  radiation-induced  charge, 
and  it  can  be  converted  to  a  value  for  the  net  charge  in  the  oxide 
using  a  procedure  described  below. 

The  other  parameter  of  interest  is  the  surface  recombination 
velocity,  It  is  straightforward  to  measure  the  surface 
recombination  velocity  using  a  gated  diode,  if  one  is  available 
for  the  process  technology  of  interest  A  gated  diode  is  simply 
aP^  junction  with  agate  surrounding  the  junction.  The  voltage 
on  the  gale  can  be  varied  independently  of  the  bias  on  the 
junction  to  allow  direct  control  over  the  surface  potential.  The 
surface  recombination  velocity  is  directly  proportional  to  the 
peak  in  the  forward  diode  current  In  this  way,  the  contribution 
of  surface  recombination  to  the  diode  current  can  be  determined 
and  a  value  for  surface  recombination  velocity  can  be  obtained. 
The  diode  current  is  plotted  vs.  gate  voltage  in  fig.  5  for  a  gated 
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Figure  5.  Gated  diode  current  versus  gate  voltage  for  a  gated  diode 
from  technology  B.  Diode  is  forward-biased  at  0. 1  V. 
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Figure  6.  Surface  recombination  velocity  calculated  from  the 
g^ed  diode  current  in  figure  5. 


diode  constructed  with  the  same  oxide  that  covers  the  emitter- 
base  junction  in  technology  B .  Surface  recombination  velocity, 
measured  using  the  gated  diodes,  is  plotted  vs.  total  dose  in  fig. 
6. 

If  a  gated  diode  is  available  for  characterization,  the  surface 
recombination  velocity  can  be  measured  as  a  function  of  total 
dose.  However,  if  no  gated  diode  is  available,  it  is  still  possible 
to  estimate  theeffectsof  variation  of  the  surface  recombination 
velocity  using  only  measurements  performed  on  B  JTs.  In  this 
case,  the  relevant  experimental  parameter  is  the  intercept  of  the 
/Jb  vs.  curve  with  the  current  axis.  The  intercept  current, 

/|,  provides  an  indication  of  the  effects  of  surface  recombination 
velocity.  Figure  4  shows  that  the  intercept  current  increases 
monotonically  with  total  dose,  as  does  the  surface  recombina¬ 
tion  velocity  plotted  in  fig.  6.  Intercept  current  and  surface 
recombination  velocity  will  be  compared  in  Section  VI.B. 

The  total  dose  at  which  the  transition  to  a  ^^-vs.- V5£  curve 
with  a  slope  corresponding  to  n  =  2  over  most  of  the  voltage 
region  of  interest  occurs  is  also  important.  At  this  total  dose, 


sufficient  charge  has  been  accumulated  in  the  oxide  to  cause 
significant  recombination  to  occur  throughout  the  intrinsic 
base.  Once  this  condition  occurs,  the  excess  base  current  is 
proportional  to  the  total  area  of  the  intrinsic  base,  and  further 
increases  in  AI^  with  total  dose  are  relatively  small.  This 
concept  is  illustrated  schematically  in  fig.  7. 

In  summary,  two  simple  approaches  to  charge  separation  have 
been  outlined.  Both  require  obtaining  a  plot  of  the  log  of  the 
excess  base  current  vs.  the  emitter-base  voltage.  The  contribu¬ 
tion  of  oxide  charge  is  estimated  from  changes  in  an  easily 
obtained  transition  voltage.  If  gated  diodes  are  available  in  the 
technology  of  interest,  surface  recombination  velocity  can  be 
measured  directly  firom  the  change  in  the  peak  diode  current  If 
no  gated  diode  is  available,  the  effect  of  changing  surface 
reemnbination  velocity  can  be  determined  from  changes  in  the 
intercept  of  the  excess  gate  current  plot  with  the  current  axis. 

V.  ANALYSIS  OF  SURFACE  RECOMBINATION 

It  is  necessary  to  understand  the  factors  contributing  to  the 
increased  base  current  before  the  charge-separation  techniques 
described  above  can  be  justified.  Tlie  discussion  that  follows 
identifies  the  effects  of  surface  recombination  velocity,  charge 
in  the  oxide,  and  ^rplied  bias  on  the  recombination  current. 
Following  this  discussion,  it  will  be  shown  how  the  relevant 
parameters  can  be  estimated  from  combined  measurements  of 
transistors  and  gated  diodes,  or  if  test  structures  are  not  avail¬ 
able,  firom  simple  electrical  measurements  performed  on  tran¬ 
sistors. 

The  excess  base  current  is  due  to  increased  electron-hole 
recombination  in  the  lightly-doped  intrinsic  base  of  the  BIT. 
The  increase  is  the  result  of  two  interacting  factors:  (1)  in¬ 
creased  surface  recombination  velocity  and  (2)  spreading  of  the 
emitter-base  depletion  region.  The  increase  in  surface  recombi¬ 
nation  velocity  is  proportional  to  the  formation  of  recombina¬ 
tion  centers  at  the  silicon/silicon  dioxide  interface  that  covers 
the  emitter-base  junction.  Since  the  net  charge  introduced  into 
the  oxide  by  ionizing  radiation  is  positive,  the  depletion  region 
spreads  on  the  P-side  of  the  junction.  For  low  total  doses,  the 
m^ority  of  the  increased  recombination  occurs  at  the  oxide- 
silicon  interface  around  the  periphery  of  the  emitter-base  junc¬ 
tion.  The  recombination  process  is  described  by  Shockley- 
Read-Hall  (SRH)  recombination  statistics.  It  is  shown  in  the 
Appendix  that  the  recombination  rate  at  a  particular  point  along 
the  surface  can  be  represented  by: 


cosh  )3(v,{y)-^j] 


(1) 


Figure  7.  Scbcxnetic  cross -section  of  the  bsse -emitter  junction 
showing  effect  of  oxide  charge  on  the  depletion  layer. 


where  is  the  intrinsic  carrier  concentration,  ^is  the  reciprocal 
thermal  voltage,  and  is  the  surface  potential  at  a  distance  y 
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Figures.  Top  view  of  the  BJT. 

from  the  metallurgical  junction.  The  reference  for  potential  is 
defined  in  the  Appendix.  The  recombination  rate  reaches  a 
maTiTniim  value  at  the  position  where  the  electron  and  hole 
concentrations  are  equal,  a  condition  described  as  cross-over.  In 
eqn.  (I)*/?,  is  maximized  when  = V^f/2.  The  foimofR^  and 
thus  the  excess  base  current,  clearly  d^nds  on  the  precise  form 
of  which  m  turn  depends  upon  the  doping  profile  of  the 
junction,  Vq£,  and  the  net  positive  charge  in  the  oxide,  The 

interrelationship  of  these  parameters  is  a  key  element  in  the 
development  of  a  charge-separation  technique. 

In  most  analytical  treatments  of  recombination  near  a  PN 
junction,  the  spatial  dependence  is  neglected;  instead,  it  is 
usually  assumed  that  the  total  recombination  rate  can  be  ob¬ 
tained  from  the  behavior  of  the  peak  recombination  rate  [  1 3  ] .  In 
an  ideal,  abrupt  one-dimensional  junction  the  recombination 
rate  decreases  rapidly  as  the  distance  from  the  recombination 
peak  increases.  Tliis  justifies  the  usual  assumption  that  the  total 
recombination  current  can  be  described  by  the  behavior  of  the 
peak.  However,  in  an  irradiated  BJT,  this  assumption  is  subject 
to  important  limitations.  First,  the  doping  distribution  is  not 
abrupt,  so  the  potential  variation  with  position  is  more  gradual 
than  it  is  for  an  abrupt  junction.  Second,  the  presence  of  positive 
charge  in  the  oxide  covering  the  emitter-base  junction  increases 
the  surface  potential  throughout  the  intrinsic  base.  As  the 
surface  potential  increases,  the  recombination  rate  in  the  por¬ 
tions  of  the  intrinsic  base  farther  from  the  metallurgical  junction 
increases.  It  is  necessary  to  include  the  surface  recombination 
current  throughout  the  intrinsic  base  to  adequately  describe  the 
effects  of  ionizing  radiation.  This  can  be  done  by  integrating 
equation  (1)  with  respect  to  position.  The  total  excess  base 
current  is  then  obtained  by  multiplying  the  integrated  recombi¬ 
nation  rate  by  the  electronic  charge,  and  the  emitter  perim¬ 
eter, 

AlB  =  av,„^exp\^^]y{Nox,VB^  ,  (2). 

where 


a  =  ^  9  n,  ?£  (3) 

and 

^Be)  - _  y^^2)] 

/.r  W 

+  2J1  (  ^ _ LdL _ 

Pe  Jo  cosh(^  yr^r)  - 

where  rg  =  V2  y^.  A  top  view  of  the  BJT  illustrating  the 
coordinate  convention  is  shown  in  fig.  8.  Note  that  the  integral 
in  equation  (4)  is  a  fimetion  of  surface  potential.  While  the  peak 
recombination  rate  increases  exponentially  with  voltage  as  exp 
\pVggf2],\ht  total  recombination  rate  exhibits  a  somewhat 
different  voltage  dependence  because  of  the  contribution  of  the 
integral.  This  variation  is  seldom  considered,  but  it  plays  an 
in^xMtant  role  in  surface  recombination.  Figure  9  plots  the 
id^ty  factor  (n)  at  a  fixed  base-emitter  voltage  for  the  surface 
recombination  current  vs.  net  oxide  charge  obtained  from  two- 
dimensional  simulation  of  the  devices  (described  in  Section 
VI.A).  The  ideality  factor  never  actually  reaches  the  “ideal” 
value  of  two  for  this  device;  again,  this  is  a  consequence  of  the 
distributed  nature  of  the  recombination  process.  In  contrast  to 
the  behavior  of  the  total  recombination  rate  shown  in  fig.  9,  the 
peak  value  of  the  recombination  obtained  from  simulations 
increases  exactly  with  an  ideality  factor  of  two. 


Figure  9.  Diode  ideality  factor  versus  trapped  charge. 


In  principle,  the  value  of  the  ideality  factor  could  be  used  as  an 
indicator  of  the  amount  of  net  oxide  charge  at  a  given  dose. 
However,  this  requires  extensive  (and  extremely  accurate) 
simulations  of  the  device  structure.  It  is  difficult  to  obtain  a  level 
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of  accuracy  tbatpermits  reasonable  confidence  in  charge  values 
extracted  using  this  method. 

In  earlier  woric,  it  was  reported  that  the  radiation-induced 
excess  base  currentmay  increase  superiinearly  with  dose  [4-6], 
This  phenomenon  was  surprising  because  defect  densities  in 
MOS  devices  generally  increase  linearly,  or  more  slowly,  with 
dose.  However,  the  discussion  associated  with  equation  (2) 
provides  a  possible  explanation  for  this  effect  The  surface 
recombination  veloaty,  and  thus  the  excess  base  current  is 
directly  proportional  to  the  number  of  interface  traps  with 
energies  near  midg^.  The  increase  in  base  current  due  to  the 
interface  traps  is  multiplied  by  the  integral  that  describes  the 
effectof  the  net  charge  in  the  oxide.  This  integral  increases  with 
total  dose  as  the  recombination  peak  broadens  and  spreads  into 
the  intrinsic  base.  Although  each  of  these  effects  may  be  linear, 
or  sublinear,  with  dose,  the  combined  effect  may  be  superlinear, 
consistent  with  the  response  often  observed  experimentally  [4] . 

VI.  RADIATION  EFFECTS  ON 

EXCESS  Base  Current 

A  Effect  of  Net  Positive  Charge 

Oxide  charge  affects  the  excess  base  current  by  changing  the 
spatial  variation  of  the  surface  recombination.  The  potential 
distributicm  near  the  emitter-base  junction  is  plotted  in  fig,  10(a) 
for  several  values  of  net  positive  charge  in  the  oxide  and  fixed 
base-emitter  voltage  and  the  corresponding  surface  recombina¬ 
tion  rate  is  shown  in  fig.  10(b).  These  plots  were  obtained  from 
S-PISCES  2B  [14]  simulations  of  the  structures  examined  in 
this  work.  The  doping  profile  of  the  junction  was  obtained  with 
SUPREM  simul^ons  and  verified  with  spreading  resistance 
measurements.  The  effea  of  innoducing  the  positive  charge  is 
to  raise  the  surface  potential  in  the  silicon,  especially  in  the 
region  far  from  the  junction.  Far  from  the  emitter-base  junction 
in  the  intrinsic  base  region,  can  be  written  as  /g,  where 


Figure  10.  PISCES  simulation  results  for  the  emitter-base  junction 
from  technology  B.  The  junction  is  located  at  y  =  1 . 16  jim.  ^  0.5 
V  with  varying  oxide  charge  in  units  of  cm  *,  a)  Surface  potential 
versus  late^  position,  b)  Surface  recombination  rate  versus  lateral 
position. 

of  can  be  observed  in  practice.  For  low  Vgg,  the  currents  are 
too  small  to  be  measured  accurately,  while  for  large  Vg£,  high- 
level  injection  sets  in,  which  violates  the  assumptions  made  in 
the  derivation  of  eqn.  (1). 


is  the  band-bending  caused  by  and  is  given  by 


2esi^,- 


(6) 


In  these  expressions,  N^  is  the  surface  concentration  of  the 
intrinsic  base  and  £51  is  the  permittivity  of  silicon.  The  cross¬ 
over  point  moves  from  the  surface  into  the  bulk  at  a  transition 
voltage,  defined  when  ®  intrinsic  base  far 

from  the  junction.  From  eqns.  (5)  and  (6),  the  value  of  for 

which  this  transition  occurs  can  be  expressed  as: 


Equation  (7)  is  plotted  in  fig .  1 1 .  Note  that  only  a  limited  range 


The  changes  in  the  potential  distribution  have  a  very  significant 
effecton  the  recombination  current,  both  in  the  depletion  region 
near  the  junction  and  in  the  intrinsic  base  region  farther  from  the 
junction.  This  can  be  seen  in  fig.  l()(b)  for  the  specific  case  of 
.5  V  and  varying  charge  in  the  oxide.  In  this  figure,  the 
surface  recombination  velocity  was  selected  so  that  the  recom¬ 
bination  time  constants  for  electrons  and  holes  at  the  surface  are 
the  same  as  the  bulk  lifetimes.  The  peak  in  the  surface  recom¬ 
bination  current  occurs  at  the  point  where  the  election  and  hole 
concentrations  equal  each  other  (n^  -  pf),  which  is  also  the  point 
at  which  = V'gg/2.  Note  that  the  peak  in  is  independent  of 

Nq^  for  low  N^j^  this  is  because  the  peak  value  of  is  set  by 
^BE-  Also  note  that  ceases  to  be  a  peaked  function  for  large 
Nqj^  For  R^  to  have  a  maximum,  v(y  must  equal  Vg£/2.  If  is 
always  larger  than  Vgg/2,  then  R^  will  not  exhibit  a  maximum. 
In  this  case,  the  maTinitim  recombination  rate  occurs  in  the 
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Figure  11.  Oxide  charge  versus  transition  voltage  for  technology 
B. 


below  the  surface,  rather  than  at  the  surface,  of  the  intrinsic 
base. 


For  a  given  Vgg,  the  integral  exhibits  a  maximum  value  at  a 
certain  value  of  At  this  combination  of  and  the 
peak  in  has  vanished  and  = ^beP'  entire  intrinsic 

base.  A  subsequent  increase  in  either  or  Vq£  will  cause 
to  decrease  and  force  the  TnaTinmm  recombination  point  away 
from  the  surface  and  into  the  bulk.  On  the  other  hand,  adecrease 
of  either  or  will  cause  R^  to  become  more  peaked.  It  is 
evident  that  the  voltage  at  which  the  yintegral  peaks  for  a  given 
value  ofN^j^  is  significant,  since  it  marks  the  transition  between 
predominantly  surface  recombination  and  predominantly  sub¬ 
surface  recombination. 


Figure  12.  Oxide  charge  versus  total  dose  for  technology  B. 


To  extract  V^and  thus  estimate  AI g  must  be  plotted  versus 

V^£on  a  logarithmic  scale,  as  illustrated  previously  in  figure  4. 
The  transition  voltage  has  been  obtained  gr^hicaily  in  this 
figure  by  finding  the  intersection betweenalinearextrapolation 
of  the  low-current  portion  of  the  curve  and  an  n = 2  line  fit  to  the 
high-current  range,  where  n  is  the  diode  ideality  factor.  The 
transition  voltage  is  indicated  on  the  gr^h  for  devices  from 
Technology  B .  The  portion  of  the  curve  with  n  ^  2  is  character¬ 
istic  of  surface  recombination,  while  n  =  2  is  characteristic  of 
bulk  recombination.  Thus,  the  transition  voltage  determined 
graphically  from  the  data  is  the  same  that  appears  in 


equation  (7).  This  fact  allows  to  be  estimated  as  a  function 
of  total  dose,  as  shown  in  figure  12. 


Also  shown  in  fig.  12  is  a  quantity  called  the  crossover  charge, 
^ox,co'  crossover  charge  is  defined  as  the  charge  at  which 
the  transition  voltage  cannot  be  determined  for  any  value  of 

This  is  also  the  value  of  for  which  the  recombination 
peak  is  below  the  surface  for  all  values  of  ^BE-  ^OX,CO  ^ 
estimated  by  setting  0.2  V  in  equation  (7),  which  gives 
1.9  X 10^^  cm"^  for  technology  B.  When  exceeds 
^ox^co*  majority  of  the  recombination  current  occurs  be¬ 
neath  the  surface,  not  at  the  surface.  The  value  of  total  dose  at 
which  first  exceeds  ^  300  krad(Si02).  Figure 

12  also  shows  vs.  total  dose  for  MOS  c^acitors  fabricated 


Figure  13.  Ratio  of  excess  base  currents  when  n  =  2  versus  ratio  of 
intrinsic  base  areas.  Devices  arc  taken  from  technologies  A  and  B. 

with  the  same  gate  oxide  as  that  over  the  emitter-base  junction 
of  the  B  JTs.  It  is  seen  that  is  closely  related  to  and  that 
the  calculated  values  of  agree  well  with  the  measured 
values  of 

Another  confirmation  that  the  recombination  occurs  primarily 
below  the  surface  of  the  intrinsic  base  when  the  vs 
curve  exhibits  n-2  is  shown  in  figure  13.  Here,  ratios  of  AIq 
for  different  size  B  JTs  from  the  same  process  are  plotted  versus 
the  ratio  of  their  intrinsic  base  areas.  If  the  recombination  is 
occurring  uniformly  below  the  surface  of  the  intrinsic  base,  then 
the  ratio  of  between  different  devices  should  be  the  ratio  of 
the  area  of  their  intrinsic  bases.  It  is  seen  that  the  data  fall  on  a 
straight  line  with  slope  =  1,  indicating  clearly  that  the  recombi¬ 
nation  is  occurring  below  the  oxide-interface  of  the  intrinsic 
base  when  n-2. 
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The  dependence  of  on  surface  recombination  velocity  is 
easily  seen  in  equation  (2):  v^j^^merely  scales  multiplica- 
lively.  The  surface  recombination  velocity  can  be  measured 
directly  using  a  gated  diode,  but  it  is  more  difficult  to  extract  the 
value  directly  from  a  B  JT.  Hie  reason  is  that  the  Tintegral  must 
be  computed  numerically  in  order  to  solve  for  For  B  JTs, 

however,  the  more  relevant  parameter  is  the  extr^xilated  inter¬ 
cept  of  the  plot  of  log(4/^  vs.  with  the  current  axis.  The 
intercept  current  depends  on  surface  recombination  velocity 
and  the  value  of  the  7  integral.  The  intercept  current  has  the 
advantage  of  being  easy  to  obtain  &om  device  characteristics. 
One  merely  performs  a  least-squares  exponential  curve  fit  to  the 
n^2portionofthed/^vs.  V^^data.  Thus,  the  transition  voltage 
should  be  indentified  before  finding  the  intercept  current  so  that 
the  correct  range  of  data  is  used  for  the  curve  fit 


Figure  14.  Scaled  intercept  current  and  normalized  surface 
recombination  velocity  versus  total  dose.  Devices  are  taken  from 
technologies  A  and  B. 


When  fi  ^  2,  the  effect  of  changes  in  surface  recombination 
velocity  can  be  estimated  by  considering  the  intercept  current 
defined  in  connection  with  fig.  4.  Hie  intercept  currentnormal- 
ized  by  emitter  perimeter  is  plotted  vs.  total  dose  in  fig.  14, 
allowing  multiple  geometries  to  be  plotted  in  the  same  graph. 
Also  plotted  are  measured  values  for  surface  recombination 
velocity  obtained  from  gated  diodes  in  technology  B .  The  effect 
of  oxide  charge  is  clearly  seen  in  the  difference  between  these 
quantities.  Since  excess  base  current  scales  with  surface  recom¬ 
bination  velocity,  the  difference  between  the  curves  is  a  mea¬ 
sure  of  the  effect  of  changes  in  surface  potential  due  to  oxide 
charge.  The  intercept  current  is  a  more  convenient  measure  of 
the  amount  of  radiation  induced  damage  than  is  since  it 
quantifies  changes  in  the  product  of  surface  recombination 
velocity  and  the  integral  involving  the  surface  potential.  Thus, 
to  characterize  the  effects  of  ionizing  radiation  on  a  bipolar 
technology,  the  two  parameters  that  should  be  measured  are  the 
transition  voltage  and  the  intercept  current 


VTL  Summary  OF  THE  TWO  APPROACHES 

In  this  paper,  two  simple  approaches  for  separating  the  effects 
of  oxide  charge  and  surface  recombination  velocity  in  bipolar 
transistors  were  described.  Both  are  based  on  simple  analysis  of 
a  plot  of  the  log  of  the  excess  base  current  vs.  the  emitter-base 
voltage.  The  contribution  of  oxide  charge  is  estimated  from 
changes  in  a  voltage  that  marks  the  transition  from  predomi¬ 
nantly  surface  current  to  bulk  current  If  gated  diodes  are 
available  in  the  technology  of  interest  surface  recombination 
velocity  can  be  measured  directly  from  the  change  in  the  peak 
diode  current  If  no  gated  diode  is  available,  the  effect  of 
changing  surface  recombination  velocity  can  be  determined 
from  changes  in  the  intercept  of  the  excess  gate  current  plot  with 
the  current  axis. 

In  outline  form,  the  charge  separation  technique  proposed  in 
this  paper  consists  of  the  following  steps: 

1.  Plot  the  logarithm  of  the  excess  base  current  versus  base 
emitter  voltage. 

2.  Identify  the  transistion  voltage(s)  by  finding  the  intersec¬ 
tion  of  two  asymptotes:  oneforthen=2portionofthedata 
and  one  for  the  n  ^  2  portion  of  the  data. 

3.  Use  equation  (7)  to  c^culate  the  value  of  from  the 
transition  voltage  determined  in  step  2. 

4.  Obtain  the  intercept  current  by  performing  an  exponential 
curve  fit  to  the  n  ^  2  portion  of  the  data. 

5.  If  a  gated  diode  is  available,  plot  the  surface  recombination 
veloci^  obtained  from  the  gated  diodes  on  the  same  scale 
as  the  intercept  current  obtained  in  step  4.  The  difference 
between  the  two  curves  is  an  indication  of  the  effect  of 
positive  oxide  charge. 

6.  Surface  recombination  velocity  can  be  calculated  directly 
from  the  intercept  current  obtained  in  step  4  if  the  yintegral 
in  equation  (4)  is  numerically  evaluated  for  the  value  of 
positive  oxide  charge  determined  in  step  3.  This  is  an 
extremely  laborious  approach,  since  the  7  integral  requires 
precise  knowledge  of  the  surface  potential,  which  can  only 
be  obtained  from  PISCES  simulations  of  the  devices  under 
study. 


Vm.  CONCLUSIONS 

Significant  progress  in  understanding  the  radiation  response  of 
MOS  technologies  has  resulted  from  the  ability  to  understand, 
and  to  measure  separately,  the  effects  of  interface-  and  oxide 
trapped  charge.  The  lack  of  comparable  analysis  techniques  for 
B  JTs  has  made  it  difficult  to  understand  some  of  the  features  of 
bipolar  radiation  response,  including  superlinear  increases  in 
base  current  with  dose  and  degradation  that  appears  to  depend 
on  dose  rate. 
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The  role  of  radiation-induced  net  positive  charge  and  surface 
recombination  velocity  on  the  excess  base  current  in  B  JTs  was 
described.  A  simple  method  to  estimate  positive  trapped  charge 
vs.  total  dose  using  an  easily  measured  transition  voltage  was 
presented.  The  effects  of  changing  surface  recombination  ve¬ 
locity  can  be  examined  by  means  of  an  intercept  current  that  is 
conveniently  obtained  from  a  plot  of  excess  base  current  vs. 
base-emitter  voltage.  The  insight  provided  by  the  charge  sepa¬ 
ration  algorithm  should  pave  the  way  for  mote  radiation- 
tolerant  B  JT  processes. 
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Figure  1-A.  Band  diagram  showing  potential  references  and 
conventions.  The  x-axis  points  from  the  oxide-silicon  interface  into 
the  bulk  of  the  intrinsic  base. 


The  electron  concentration  at  the  surface  is  written  as 

n,  =  niexp[P[y/s-fnf)\  (2-A) 


APPENDDC 


In  this  ^jpendix,  the  form  of  the  Shockley-Read-Hall  (SRH) 
recombination  rate  given  in  equation  (1)  is  derived,  with  par¬ 
ticular  attention  paid  to  the  assumptions  made  in  the  derivation. 
For  simpliciQ^y  we  assume  that  the  recombination  process 
proceeds  through  a  single  trap  located  in  the  middle  of  the 
forbidden  gap;  that  is,  the  tnq)  energy  £,  equals  the  intrinsic 
energy  The  recombination  rate  is  maximized  for  traps 
located  at  midg^.  We  further  assume  that  the  capture  cross- 
sections  and  Cp  for  electrons  and  holes  are  equaL  The  SRH 
recombination  rate  at  the  interface  (in  cm‘^  s  is 


^  ~  ^surf 


Rn,-n} 
R  +  n,-i-2ni 


(1-A) 


and  the  hole  concentration  at  the  surface  is  written  as 

Ps  =  «,■  exp  [fi[<Ppf-  V'^)]  •  (3-A) 

In  these  equations,  (PfiAs  the  quasi-Fermi  level  for  electrons  and 
(ppfis  the  quasi-Femu  level  for  holes.  The  potential,  yf^  is  always 
the  intrinsic  potential  y/i.  The  reference  for  potential  is 
which  we  define  to  be  zero.  The  applied  voltage  appears  as  a 
splitting  of  the  quasi-Fermi  levels;  =  cppjr-  These 
conventions  are  illustrated  in  figure  1-A. 


Using  these  definitions,  becomes 


R.= 


1  -(-exp 


cosh  p[ys-  ^pf  + 


(4-A) 


where  v^„  ^is  the  surface  recombination  velocity,  and  are 
th:  hole  mi  electron  concentrations  at  the  surface,  and  n,-  is  the 
intrinsic  carrier  concentration.  The  surface  recombmation  ve¬ 
locity  is  given  by  o  Nf,  where  o  is  the  capture  cross 
section,  is  the  thermal  carrier  velocity,  and  Nj  is  the  trap 
density. 

To  simplify  (1-A)  and  ^ly  it  to  devices,  the  foUowing  as¬ 
sumptions  are  explicitly  made: 

1.  The  recombination  rate  is  not  limited  by  the  arrival  rate  of 

carriers  to  the  surface.  That  is,  the  carriers  at  the  surface  are 
in  equilibrium  with  those  in  the  bulk. 

2.  Low-level  injection  conditions  apply:  n,  «p,. 

3 .  is  not  a  function  of  lateral  position,  y,  far  from  the  emitter 
base  Junction.  That  is,  recombination  of  injected  elecffons 
in  the  bulk  is  neglected. 


Noting  that  Vgg  =  <^pf-  %f=  <Pp^  assuming  >  4/p,  and 
noting  explicitly  the  y-dependence  of  written  as 


RJiy)- 


1  \P  Vbe 

^rt,v,„^exp[-^ 

cosh[/3(\i/Xy)--^) 


(5-A) 


which  is  equation  (1). 
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Effects  of  Oxide  Charge  and  Surface  Recombination  Velocity 
on  the  Excess  Base  Current  of  BJTs 
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Abstract 

The  role  of  net  positive  oxide  trapped  charge  and  surface 
recombination  velocity  on  excess  base  current  in  BJTs  is 
identified.  The  effects  of  the  two  types  of  damage  can  be 
detected  by  plotting  the  excess  base  current  versus  base-emitter 
voltage.  Differences  and  similarities  between  ionizing-radia- 
tion-induced  and  hot  electron-induced  degradation  are  dis¬ 
cussed. 


Base  Emiita  Base  Collector 


1.  Introduction 

The  current  gain  of  bipolar  transistors  is  degraded  when 

the  oxide  over  the  emitter-base  junction  is  damaged.  This  can 
occur  when  the  emitter-base  Junction  is  reverse-biased  [1],  as  it 
is  in  normal  BiCMOS  circuit  operation  [2],  or  when  the  device 
is  exposed  to  ionizing  radiation  [3  -  5].  The  damage  typically 
leads  to  excess  base  current  in  the  device,  A/^,  and  no  change 
in  the  collector  current.  Until  now,  authors  have  assumed  that 
AIqis  caused  primarily  by  interface  states  created  during  the 
stress  [6-9].  The  effects  of  net  tr^ped  positive  charge, 
have  not  been  considered.  Thus,  the  effects  of  on  the  current 

gain  of  the  device  have  not  been  identified. 

In  this  work,  the  separate  effects  of  and  surface  recombina¬ 
tion  centers  on  the  current  gain  of  BJTs  arc  identified.  It  is 
shown  that  ionizing  radiation  causes  a  large  increase  in  net 
positive  oxide  charge  and  a  relatively  small  increase  in  surface 
recombination  velocity.  Hot  electron  stressing,  on  the  other 
hand,  causes  a  relatively  small  increase  in  net  positive  oxide 
charge  and  a  large  increase  in  surface  recombination  velocity. 
Since  the  current  gain  depends  on  the  product  of  the  two  stress- 
induced  defects,  both  types  of  stress  can  lead  to  qualitatively 
similar  changes  in  the  current  gain  of  the  device. 


Q  Oxide  HI  @  Polytilicofi  ^  BPSG 

Figure  1.  Representative  cross-section  of  the  devices 
studied  in  this  work. 


Table  1.  Values  of  relevant  device  parameters. 


Device  Parameter 

Value 

Units 

Emitter-Base  Junction  Depth 

0.3 

pm 

Intrinsic  Base  Surface  Doping 

7.5x10'^ 

cm'^ 

Oxide  Thickness 

550 

A 

Emitter  Size 

3x3 

pm 

Nominal  Current  Gain 

200 

A/A 

grounded  during  irradiation.  For  the  hot  electron  stress,  a 
constant  reverse  current  of  6  mA  through  the  emitter-base 
junction  for  a  total  of  2048  seconds  was  used.  A  Hewlett- 
Packard  4 145B  Semiconductor  Parameter  Analyzer  was  used 
for  device  characterization. 


n.  Experimental  Details 

The  devices  studied  in  this  work  are  oxide-isolated  polysilicon 
emitter  bipolar  transistors  fabricated  in  a  complementary  bipo¬ 
lar  process  closely  related  to  that  described  in  ref.  [10].  A 
representative  cross-section  of  the  devices  is  shown  in  figure  1 . 
Relevant  structural  information  is  summarized  in  table  1.  The 
devices  were  irradiated  with  10  ke  V  x-rays  at  a  dose  rate  of  1 .7 
krad(Si)/s  up  to  a  total  dose  of  1  Mrad(Si).  All  pins  were 
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ni.  Analysis 

The  common-emitter  current  gain,  7^7 q,  is  plotted  versus  base- 
emitter  voltage,  Vjg£,  in  figure  2  for  increasing  values  of  stress. 
Figure  2a  shows  the  current  gain  for  increasing  values  of  total 
ionizing  dose,  while  figure  2b  shows  the  current  gain  for 
increasing  values  of  hot  electron  stress  time.  The  current  gain 
degrades  substantially  for  both  types  of  stress,  and  the  degrada¬ 
tion  is  most  severe  at  lower  values  of  Note  that  the  current 

gain  degradation  tends  to  saturate  for  large  values  of  total 
ionizing  dose,  but  shows  no  tendency  to  saturate  for  large  stress 
times.  The  trend,  however,  is  qualitatively  similar  for  both 
types  of  stress. 
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(a) 


(b) 

Figure  2.  Common  emitter  current  gain  for  increasing  stress 
levels,  a)  Increasing  total  ionizing  dose  (units  are  rad(Si)). 
b)  Increasing  hot  electron  stress  time. 


a  =  i  9  n,-  /»£ 


(3) 


cosh(/J(v/-^)- V3£/2)] 

.  27t  _ r^r _ 

Pe]o  cos\[P[wlr)-VEEjl)] 


In  these  expressions^  v^^^is  the  surface  recombination  veloc¬ 
ity,  Nj  is  the  trap  density,  cr  is  the  effective  capture  cross- 
section,  is  the  thermal  carrier  velocity,  q  is  the  electronic 
charge,  is  the  intrinsic  concentration,  is  the  perimeter  of 
the  emitter,  y  is  the  lateral  position  variable,  =  ^2  y^,  and 
is  the  surface  potential. 

The  dependence  of  A/^  on  surface  recombination  velocity  is 
easily  seen  in  equation  (2):  v^j^^merely  scales  A/ q  multiplica- 
ti  vely .  The  effect  of  positive  oxide  charge  is  not  so  easily  seen. 
The  positive  charge  affects  A/^  by  increasing  the  value  of  the  y 


The  collector  current  remains  approximately  constant  through¬ 
out  both  radiation  and  hot  electron  stressing.  The  current  gain 
degrades  because  the  base  current  increases.  The  base  current 
is  written  aslg^lg  +  A/^.  where  the  excess  base  current, 
AJq,  is  recombination  current  in  the  emitter-base  depletion 
region.  The  recombination  current  can  be  obtained  analytically 
from  Shockley-Read-Hall  (SRH)  recombination  theory  [11, 
1 2].  Assuming  equal  electron  and  hole  capture  cross-sections, 
a  single  trap  at  midgap,  and  moderate  forward  bias,  A/^  can  be 
written  as 


A 


^B-^^surf 


where  q/kT\%  the  inverse  thermal  voltage,  and  a,  and 
yare  given  by 


(2) 


Figure  3.  Surface  potential  (top)  and  surface  recombination 
rate  (bottom)  versus  lateral  position,  y,  obtained  from  S- 
PISCES  2B  simulations  of  the  emitter-base  junction.  The 
metallurgical  junction  is  at  1.16  pm.  After  reference  [5). 
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integral.  This  integral  is  seldom  considered  when  analyzing 
recombination  current,  but  it  is  crucial  to  take  the  contribution 
of  this  term  into  account  in  order  to  account  for  the  effect  of 
positive  oxide  charge.  Positive  charge  raises  the  surface  poten¬ 
tial  in  the  base  of  the  BJT,  This  increases  the  surface 
recombination  rate  throughout  the  base.  In  terms  of  the  y 
integral,  the  integrand  becomes  a  less  sharply  peaked  function 
as  oxide  charge  increases  [5].  These  trends  are  illustrated  in 
figure  3,  where  PISCES-simulated  surface  potential  and  sur¬ 
face  recombination  rate  arc  plotted  versus  lateral  position  for  a 
fixed  forward  voltage  and  varying  amounts  of  positive  oxide 
charge. 

Recombination  current  in  P^junctions  varies  as  A/^ = A/^^exp 
[PV/n],  where  n,  the  ideality  factor,  depends  upon  oxide  charge 
and  forward  voltage.  The  shape  of  the  integrand  in  the  y  integral 


Figure  4.  Excess  base  current  versus  base-emitter  voltage 
for  increasing  values  of  total  ionizing  dose.  The  data 
correspond  to  those  in  figure  2a. 


Total  Dose  [kradCSi)] 


Figure  5.  Oxide  charge  and  surface  recombination  velocity 
versus  total  ionizing  dose. 


Figure  6.  Excess  base  current  versus  base-emitter  voltage 
for  increasing  values  of  hot  electron  stress  time.  The  data 
correspond  to  those  in  figure  2b. 


is  what  determines  the  ideality  factor  in  the  diode  equation.  In 
[5]  it  is  shown  that  the  value  of  oxide  charge  can  be  determined 
by  plotting  the  excess  base  current  versus  base  emitter  voltage, 
as  in  figure  4.  Three  transition  voltages,  are  also  identified. 
The  transition  voltages  mark  the  transition  between  predomi¬ 
nantly  surface  and  predominantly  subsurface  recombination. 
These  transition  voltages  are  readily  related  to  oxide  charge  [5]. 
In  figure  5,  oxide  charge  calculated  from  the  transition  voltages 
is  plotted  versus  total  ionizing  dose.  Oxide-trapped  charge, 
measured  from  MOS  capacitors  and  surface  recombination 
velocity  measured  from  gated  diodes  from  the  same  process  is 
also  plotted  for  comparison.  It  is  seen  that  ionizing  radiation 
causes  a  large  amount  of  positive  charge  and  relatively  small 
increases  in  surface  recombination  velocity. 

In  figure  6,  A/^  is  plotted  versus  for  several  values  of 
increasing  stress  time.  The  ideality  factor  is  roughdy  two  for  all 
stress  times,  and  no  transition  voltage  can  be  determined  for  any 


Figure  7.  Normalized  peak  current  gain  versus  intercept 
current  A/ for  radiation  and  hot  electron  stress. 


213 


209 


tUi  w 


stress  level.  This  indicates  that  the  maximum  recombination 
rate  is  at  the  surface  for  all  values  of  forward  voltage,  and  thus 
that  the  oxide  charge  remains  small  for  all  stress  times.  This  is 
the  assumption  made  by  several  authors,  but  until  no  w,  no  direct 
evidence  of  this  was  available. 

Additional  evidence  for  the  existence  of  distinctly  different 
defects  for  each  type  of  stress  is  shown  in  figure  7,  where  the 
normalized  peak  .current  gain  is  plotted  versus  If  the 
magnitudes  of  the  stress-induced  defects  were  the  same  for  both 
types  of  stress,  these  curves  would  lie  on  top  of  one  another.  The 
difference  is  a  result  of  the  large  amounts  of  positive  oxide 
charge  induced  in  the  oxide  by  the  radiation  stress.  The  curves 
merge  for  large  intercept  currents  because  the  ideality  factors 
for  both  types  of  stress  are  approximately  two. 

rv.  Summary  and  Conclusions 

For  hot  electron  stressing,  the  positive  oxide  charge  remains 
small  for  all  stress  levels,  indicating  that  the  increase  in  base 
current  is  due  primarily  to  increased  surface  recombination 
velocity.  For  radiation  stressing,  however,  the  increase  in  base 
current  is  due  to  both  increased  surface  recombination  velocity 
and  increased  positive  oxide  charge.  The  two  types  of  stress 
lead  to  qualitatively  similar  changes  in  current  gain  because  the 
effects  of  surface  recombination  velocity  and  positive  oxide 
charge  are  multiplicative. 

The  separate  contributions  of  net  positive  charge  and  surface 
recombination  centers  are  detected  by  plotting  the  excess  base 
current  as  a  function  of  forward-bias  base  emitter  voltage.  By 
graphically  finding  the  transition  from  a  diode  ideality  factor  of 
two  to  an  ideality  factor  less  than  two,  the  amount  of  oxide 
charge  can  obtained.  The  presence  of  oxide  charge  can  also  be 
detected  by  plotting  the  normalized  peak  current  gain  against 
the  extrapolated  intercept  of  the  excess  base  current  for  both 
types  of  stress. 

Despite  the  fact  the  radiation  and  hot  electron  stressing  produce 
qualitatively  similar  changes  in  current  gain,  the  magnitudes  of 
stress-induced  defects  for  each  type  of  stress  differ  consider¬ 
ably.  These  differences  must  be  taken  into  account  when 
designing  stress-tolerant  processes  and  correlating  hot  electron 
and  radiation  stress  results. 


Acknowledgments 

This  work  was  supported  by  Sandia  National  Labs  through  their 
BMDO  electronics  MODE-  program  and  by  the  Defense  Nuc  lear 
Agency  and  Naval  Surface  Warface  Center-Crane  through  a 
contract  with  Mission  Research  Corporation.  The  authors  wish 
to  thank  Peter  Winokur  of  Sandia  National  Labs,  Dale  Platteter 
of  the  Naval  Surface  Warface  Center,  Ron  Pease  of  RLP 
Research,  and  Ken  Galloway  of  the  University  of  Arizona  for 
useful  technical  discussions.  The  experimental  assistance  of 
R.A.  Rieber,  Jr.  and  L.C.  Riewe  of  Sandia  National  Labs  is 
gratefully  acknowledged. 


References 

1.  B.A.  McDonald,  “Avalanche  Degradation  of  IEEE 
Trans.  Electron  Devices,  vol.  ED-17,  pp.  871-878,  1970. 

2.  S.P.  Joshi,  R.  Lahri,  and  C.  Lage,  “Poly  Emitter  Bipolar 
Hot  Carrier  Effects  in  an  Advanced  BiCMOS  Technol¬ 
ogy,”  lEDM  Tech.  Digest,  pp.  182-185, 1987. 

3.  R.N.  Nowlin,  E.W.  Enlow,  R.D.  Schrimpf,  and  W.E. 
Combs,  ‘Trends  in  the  Total-Dose  Response  of  Modem 
Bipolar  Transistors,” /£££  Tram.  Nucl.  ScL,  vol.  39,  pp. 
2026-2035, 1992. 

4.  E.W.  Enlow,  R.L.  Pease,  W.E.  Combs,  R.D.  Schrimpf,  and 
R.N.  Nowlin,  “Response  of  Advanced  Bipolar  Processes 
to  Ionizing  Radiation,’7£££7’ranj.  Nucl.  Sci.,  vol.  NS-38, 
pp.  1342-1351, 1991. 

5.  S.L.  Rosier,  R.D,  Schrimpf,  R.N.  Nowlin,  D.M.  Fleetwood, 
M.  DeLaus,  R.L.  Pease,  W.E.  Combs,  A.  Wei,  and  F.  Chai, 
“Charge  Separation  for  Bipolar  Transistors,”  to  be  pub¬ 
lished  in  IEEE  Trans.  Nuclear  Science,  vol.  6,  1993. 

6.  D.D.-L.  Tang  and  E.  Hackbarth,  “Junction  Degradation  in 
Bipolar  Transistors  and  the  Reliability  Imposed  Constraints 
to  Scaling  and  Design,”  IEEE  Trans.  Electron  Devices, 
vol.  35,  pp.  2101-2107. 1988. 

7.  J.D.  Burnett  and  C.  Hu,  “Modeling  Hot-Carrier  Effects  in 
Polysilicon  Emitter  Bipolar  Transistors,”  IEEE  Trans. 
Electron  Devices,  vol.  35,  pp.  2238-2244, 1988. 

8.  K.A.  Jenkins,  J.D.  Cressler,  and  J.D.  Wamock,  “Use  of 
Electron-Beam  Irradiation  to  Study  Performance  Degra¬ 
dation  of  Bipolar  Transistors  After  Reverse-Bias  Stress,” 
lEDM  Tech.  Digest,  pp.  873-876, 1991. 

9.  K.A.  Jenkins  and  J.D.  Cressler,  “Electron  Beam  Damage 
of  Advanced  Silicon  Bipolar  Transistors  and  Circuits,” 
lEDM  Tech.  Digest,  pp.  30-33, 1988. 

10.  S.  Fcindt,  J.-J.J.  Hajjar,  J.  Lapham,  and  D.  Buss,  “XFCB: 
A  High  Speed  Complementary  Bipolar  Process  on  Bonded 
SOI,”  BCTM  Tech.  Digest,  pp.  264-267,  1992. 

1 1 .  V.G.K.  Reddi,  “Influence  of  Surface  Conditions  on  Silicon 
Planar  Transistor  Current  Gain,”  Solid-State  Electron., 
vol.  10,  pp.  305-334, 1967. 

12.  A.S.  Grove  and  D.J.  Fitzgerald,  “Surface  Effects  on  p-n 
Junctions:  Characteristics  of  Surface  Space-Charge  Re¬ 
gions  Under  Non-Equilibrium  Conditions,”  Solid-State 
Electron.,  vol.  9,  pp.  783-806,  1966. 


214 


210 


V.F.  Dose-Rate  Effects  on  Radiation-Induced  Bipolar 
Junction  Transistor  Gain  Degradation 


211 


Dose-rate  effects  on  radiation-induced  bipolar  junction  transistor  gain 
degradation 

A.  Wei,®^  S.  L.  Kosier,^^  and  R.  D.  Schrimpf 

Department  of  Electrical  and  Computer  Engineering.  University  of  Arizona,  Tucson,  Arizona  85721 

D.  M.  Fleetwood 

Sandia  National  Laboratories,  1515  Eubank  SE,  Albuquerque,  New  Mexico  87123 

W,  E.  Combs 

Naval  Surface  Warfare  Center,  Building  2087,  Code  6054,  Crane,  Indiana  47522 
(Received  9  Febfuary  1994;  accepted  for  publication  28  July  1994) 

Analysis  of  radiation  damage  in  modem  NPN  bipolar  transistors  at  various  dose  rates  is  performed 
with  a  recently  introduced  charge  separation  method  and  PISCES  simulations.  The  charge  separation 
method  is  verified  with  measurements  on  metal-oxide-semiconductor  capacitors.  Gain  degradation 
is  more  pronounced  at  lower  dose  rates.  The  charge  separation  technique  reveals  that 
depletion-region  spreading  and  effective  recombination  velocity  are  both  greater  for  devices 
irradiated  at  lower  dose  rates.  ©  1994  American  Institute  of  Physics, 


Exposure  to  ionizing  radiation  degrades  the  current  gain 
of  bipolar  junction  transistors  (BJTs)  by  increasing  the  base 
current  while  leaving  the  collector  current  approximately 
constant.^””  Prediction  of  this  gain  degradation  in  low-dose- 
rate  space  radiation  environments  from  irradiations  done  at 
laboratory  dose  rates  requires  the  understanding  of  time- 
dependent  effects.  Once  time-dependent  effects  are  under¬ 
stood,  test  methods  for  estimating  total-dose  failure  in  BJTs 
designed  for  operation  in  space  radiation  environments  can 
be  developed.  However,  time-dependent  effects  are  not  un¬ 
derstood  in  BJTs. 

In  contrast,  time-dependent  effects  in  metal-oxide- 
semiconductor  (MOS)  transistors  have  been  extensively 
studied.^'®  Test  standards  have  been  developed  which  can 
qualify  long-term  performance  in  typical  low-dose-rate  space 
radiation  environments  by  testing  MOS  devices  with  short 
exposures  to  high -dose -rate  radiation,  combined  with  anneal¬ 
ing  at  elevated  temperatures.^"^'  The  development  of  these 
test  standards  resulted  from  the  application  of  MOS  charge 
separation  techniques^ to  time-dependent  effects. 

In  this  work,  we  present  the  first  detailed  analysis  of 
dose-rate  effects  on  BJT  gain  degradation  using  charge  sepa¬ 
ration  techniques.  In  MOS  technologies,  charge  separation 
techniques  can  quantify  the  damage  mechanisms  ANqj 
(fixed  positive  charge  at  the  interface)  and  ANyt  (interface- 
trap  density)  and  their  corresponding  threshold  voltage  shifts 
and  AVu-  BJTs,  gain  degradation  is  due  to  the 
excess  base  current  (A/g,  where 

vidual  mechanisms  which  contribute  to  the  excess  base  cur¬ 
rent  are  changes  in  the  effective  surface  recombination  ve¬ 
locity,  and  the  spreading  of  the  depletion  layer  caused 
by  the  buildup  of  net  positive  charge  in  the  oxide,  (not 
necessarily  the  same  as  Nqj).  The  bipolar  junction  transistor 
charge  separation  method^^  is  used  to  calculate  Nq^  at  the 
dose  rates  studied.  Accurate  PISCES  simulations  are  used  to 
identify  the  dose-rate  effect  on  gff- 

The  response  of  the  excess  base  current  to  irradiations  at 
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various  dose  rates  can  be  traced  back  to  the  combined  dose- 
rate  dependences  of  the  individual  manifestations  of 
radiation-induced  damage,  and  The  physical 

mechanisms  leading  to  the  dose-rate  effect  on  the  buildup  of 

and  on  the  changes  in  are  beyond  the  scope  of  this 
letter,  but  they  appear  to  be  related  to  a  difference  in  charge 
distributions  following  high-  and  low-dose-rate  irradiations. 
PISCES  simulations  were  performed  to  separate  the  effects  of 
the  individual  damage  mechanisms  and  to  quantify  their  re¬ 
lationships  to  the  excess  base  current.  Analysis  shows  that 
excess  base  current,  oxide  charge,  and  effective  surface  re¬ 
combination  velocity  are  highest  at  lower  dose  rates  [<10 
radlSiO^j/s]  and  decrease  with  increasing  dose  rate  until  they 
become  independent  of  dose  rate  at  higher  dose  rates  [>100 
rad(Si02)/s].  Indeed,  these  results  confirm  that  the  dose-rate 
response  of  BJTs  is  very  different  than  the  dose-rate  response 
of  MOSPETs,^"^  where  oxide  charge  tends  to  be  reduced  at 
low  dose  rates  due  to  trapped-hole  neutralization  and/or 
interface -trap  buildup.^ 

The  BJTs  studied  in  this  work  were  NPN  oxide-isolated 
polysilicon  emitter  bipolar  junction  transistors  fabricated  in  a 
complementary  bipolar  process.  A  representative  cross  sec¬ 
tion  is  shown  in  Fig.  1.  Four  dose  rates  were  used,  with  four 
device  geometries  irradiated  at  each  dose  rate.  The  irradia¬ 
tions  were  performed  in  a  Co-60  source  at  dose  rates  of  3, 
30,  100,  and  247  rad(Si02)/s  up  to  a  total  dose  of  1000 
krad(Si02).  All  terminals  were  grounded  during  irradiation. 

In  addition,  MOS  capacitors  from  a  closely  related 
BiCMOS  process  were  irradiated  with  all  terminals  grounded 
at  dose  rates  of  1.3,  5,  50,  500,  and  1000  rad(Si02)/s  with  10 
keV  X  rays  up  to  a  total  dose  of  300  krad(Si02).  The  positive 
oxide  charge  buildup  in  the  MOS  capacitors  was  determined 
by  measuring  shifts  in  the  midgap  voltage. 

Excess  base  current  at  a  base-emitter  voltage  (V^be^ 

0.6  V  is  plotted  against  dose  rate  at  total  doses  of  20.  50,  and 
100  krad(Si02)  in  Fig.  2.  The  excess  base  current  is  largest  at 
low  dose  rates,  with  a  tendency  to  become  independent  of 
dose  rate  at  high-dose  rates. 

The  excess  base  current  due  to  surface  recombination 
can  be  written  as^^ 
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FIG.  1.  Representative  cross  section  of  the  devices  studied  in  this  work. 

A/fl  =  a  .  V^be)  r(^ox .  V^BE)exp[^KBE/2], 

a^qn.Pgll,  (1) 

where  q  is  the  electronic  charge,  rii  the  intrinsic  carrier  con¬ 
centration,  and  the  emitter  perimeter.  The  effective  sur¬ 
face  recombination  velocity  gff  of  velocity  and 

accounts  for  the  contribution  of  surface  recombination  veloc¬ 
ity  (defined  as  =  crv^  f ,  where  o*  is  the  capture  cross  sec¬ 
tion,  I'th  thermal  carrier  velocity,  and  Nj  the  interface- 
trap  density  evaluated  at  midgap).  However,  is  not 
equal  to  because  it  also  depends  on  and  for  rea¬ 

sons  cited  in  previous  work.^^”’^  It  is  important  to  note  that 
because  is  dependent  on  the  dose-rate  dependence 
of  will  affect  .  y(A^ox>  ^be)  is  an  integral  over  the 
intrinsic  base  which  accounts  for  the  spreading  of  the  deple¬ 
tion  layer  and  ^  is  the  inverse  thermal  voltage  {qikT).  To 
understand  the  dose- rate  effect  on  the  excess  base  current, 
the  dose-rate  dependence  of  the  individual  manifestations  of 
radiation  damage,  and  must  be  examined. 

The  dose-rate  dependence  of  can  be  directly  deter¬ 
mined  from  the  charge  separation  method. Oxide  charge  is 
plotted  against  dose  rate  in  Fig.  3  at  a  total  doses  of  20,  50, 
and  100  krad(Si02).  As  with  the  excess  base  current,  oxide 
charge  is  largest  at  low  dose  rates,  with  a  tendency  to  be- 


FIG.  2.  Excess  base  current  at  Kbe=0.6  V  vs  dose  rate. 
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FIG.  3-  Oxide  charge  vs  dose  rate  at  various  total  doses. 

come  independent  of  dose  rate  at  high  dose  rates.  Measure¬ 
ments  made  on  the  MOS  capacitors  at  a  total  dose  of  300 
krad(Si02)  are  also  plotted  in  Fig,  3.  The  capacitors  show 
approximately  the  same  dose-rate  trend  in  oxide  charge 
buildup  as  the  BJTs. 

From  Eq.  (1),  can  be  calculated  as  the  ratio  of  ex¬ 
cess  base  currents  from  experiment  (which  are  due  to  in¬ 
creases  in  both  ^ox^)  tc  excess  base  current  due 

solely  to  increases  in  The  excess  base  current  due  solely 

to  increases  in  is  simulated  in  PISCES  by  fixing  the  re¬ 
combination  rate  at  the  surface  to  a  constant  equal  to  that  of 
the  bulk;  by  not  enhancing  recombination  at  the  surface,  the 
simulations  effectively  fixes  to  a  constant  [the  lowest 
possible  value  by  the  definition  of  gff  in  Eq.  (1)].^^  '“  To 
calculate  from  the  experimental  data,  however,  it  is  im¬ 
perative  that  the  device  simulations  be  very  accurate.  The 
PISCES  simulations  in  this  work  used  process-simulation¬ 
generated  doping  profiles  from  a  suprem  simulation  of  the 
BJT  fabrication  process.  Simulations  were  fine  tuned  to 
match  the  devices  by  matching  simulated  current  gain  to 
measured  current  gain,^  Two-dimensional  simulations  pro¬ 
vide  current  per  unit  length,  so  the  simulation  currents  were 
multiplied  by  the  appropriate  length  to  account  for  the  con¬ 
tributions  of  the  lightly  doped  extrinsic  base  area."“ 

Figure  4  shows  the  PISCES-simulated  excess  base  current 
due  solely  to  increases  in  oxide  charge  against  oxide  charge. 
Measured  excess  base  currents  at  different  dose  rates  are  also 
shown  in  Fig.  4  against  oxide  charge  (the  measured  excess 
base  currents  are  known  experimentally  versus  total  dose:  an 
approximate  mapping  of  increasing  total  dose  to  oxide 
charge  buildup  is  performed  by  using  the  charge  separation 
method  to  observe  trends  in  the  experimental  data  set).  The 
dose- rate  effect  on  g^f  is  evidenced  by  the  differences  in  the 
excess  base  current  at  different  dose  rates  in  Fig.  4.  Two 
important  points  arise  from  this  figure.  First,  the  PISCES- 
simulated  current  due  solely  to  increased  oxide  charge 
matches  the  measured  current  at  high  values  of  oxide  charge 
and  total  dose.  The  same  effect  is  consistently  observed  in 
measured  data  inespective  of  dose  rate  or  device  geometry. 
The  high  values  of  oxide  charge  force  the  recombination 
peak  below  the  surface,  eliminating  surface  contributions  to 
the  excess  base  current.  Additional  PISCES  simulation 
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FIG.  4.  Measured  and  pisCES- simulated  excess  base  current  at  Vbe=0'6  V  vs 

oxide  charge.  piG,  5.  Effective  surface  recombination  velocity  calculated  at  Vbe=0-6 

V  vs  dose  rate. 


shows  no  change  of  excess  base  current  with  increasing  sur¬ 
face  recombination  velocity  when  large  densities  of  oxide 
charge  are  present  over  the  extrinsic  base.  Second,  the  mea¬ 
sured  excess  base  currents  do  not  significantly  differ  from 
the  pisCES-simulated  excess  base  current  due  solely  to  A/^ox  • 
This  demonstrates  that  the  dose-rate  dependence  of  the  ex¬ 
cess  base  current  can  be  largely  attributed  to  .  This  point 
is  especially  true  in  light  of  the  aforementioned  dependence 

of  on  ^ox-  .  ^  .  . 

Figure  5  shows  eff  calculated  (by  taking  the  ratio  of 
measured  excess  base  current  to  simulated  excess  base  cur¬ 
rent  due  solely  to  NJ  at  Vbe=0-6  V  plotted  against  dose 
rate.  At  these  total  doses,  does  not  significantly  decrease 
surface  contributions  to  the  excess  base  current.  The  dose- 
rate  trend  is  similar  to  the  trend  of  excess  base  current  and 
oxide  charge.  is  largest  at  low  dose  rates,  with  a  ten¬ 
dency  to  become  independent  of  dose  rate  at  high  dose  rates. 

BJTs  were  irradiated  at  several  dose  rates  to  identify  the 
dose-rate  dependence  of  gain  degradation.  This  work  pre¬ 
sents  the  first  analysis  of  dose-rate  effects  on  the  individual 
mechanisms  (increases  in  net  positive  oxide  charge  and 
changes  in  effective  surface  recombination  velocity)  respon¬ 
sible  for  BIT  gain  degradation.  Both  oxide  charge  and  effec¬ 
tive  surface  recombination  velocity  are  highest  at  lower  dose 
rates,  with  a  tendency  to  become  independent  of  dose  rate  at 
higher  dose  rates.  The  oxide  charge  dose-rate  dependence  in 
BJTs  was  observed  by  two  independent  methods:  a  charge 
separation  technique  and  measurements  made  on  MOS  ca¬ 
pacitors  from  a  BiCMOS  process.  By  comparing  measured 
excess  base  currents  (due  to  oxide  charge  and  effective  sur¬ 
face  recombination  velocity)  to  excess  base  currents  (due  to 
oxide  charge  and  effective  surface  recombination  velocity)  to 
excess  base  current  due  only  to  oxide  charge,  it  was  found 
that  excess  base  current  due  only  to  oxide  charge  accounts 
for  most  of  the  excess  base  cunent.  This  is  due  to  the  de¬ 
crease  of  effective  surface  recombination  velocity  with  in¬ 
creasing  oxide  charge.  Thus  the  dose-rate  effect  on  gain  deg¬ 
radation  in  modem  BJTs  is  in  large  part  determined  by  the 
dose-rate  response  of  charge  buildup  in  the  oxide  over  the 
lightly  doped  extrinsic  base  of  BJTs. 
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Abstract — Excess  collector  current  in  irradiated  NPN  BJT’s  is 
linked  to  an  oxide-trapped-charge-induced  inversion  layer  acting 
as  an  additional  emitter.  Excess  collector  current  is  modeled  by 
interpreting  the  inversion  layer  as  an  extension  of  the  emitter. 


1.  Introduction 

The  current  gain  {Iclh)  of  BJT's  is  degraded  upon 
exposure  to  ionizing  radiation.  The  degradation  is  due 
to  a  buildup  of  net  positive  oxide- trapped  charge  (iVox)  and 
increases  in  surface  recombination  velocity  [l]”[5].  Previous 
analyses  of  the  physical  mechanisms  responsible  for  gain 
degradation  have  usually  focused  on  the  excess  base  current 
(A/a,  where  Ib  =  /a.pre-rad  +  A/a).  Excess  collector 
current  (A/c,  where  Ic  =  ho  +  ^h)  is  often  explicitly 
assumed  to  be  negligible,  although  this  assumption  has  not 
been  critically  examined.  The  increase  in  excess  collector 
current  due  to  ionizing  radiation  has  been  observed  by  Nowlin, 
et  al.  [6];  however,  the  physical  mechanisms  responsible  were 
not  investigated. 

The  effect  of  assuming  negligible  excess  collector  current 
is  demonstrated  in  Fig.  1.  This  figure  shows  the  measured 
common-emitter  current  gain,  normalized  to  the  peak  pre¬ 
irradiated  value,  plotted  versus  the  collector  current  for  a 
pre-irradiated  device  and  for  the  same  device  at  a  total  dose 
of  I  Mrad  (Si02).  The  pre-irradiated  current  gain  varies  with 
operating  point  and  degrades  significantly  with  increasing  total 
dose  of  radiation.  The  two  curves  shown  at  a  total  dose  of  I 
MradfSiOo)  demonstrate  what  the  current  gain  looks  like  as  a 
function  of  collector  current  when  the  excess  collector  current 
is  accounted  for  and  when  assuming  negligible  excess  collector 
current  (A/c  =  0,  current  gain  =  /c.pre//B.iMrad)-  Assum¬ 
ing  negligible  excess  collector  current  clearly  underestimates 
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Fig.  1.  Measured  XFCB  common-emitter  current  gain,  normalized  to 
the  peak  pre-irradiated  value,  versus  the  collector  current.  Shown  are  the 
pre-irradiated  current  gain  plotted  against  the  pre-irradiated  collector  current, 
current  gain  at  a  total  dose  of  1  MradlSiO^)  plotted  against  the  actual 
measured  collector  current  at  1  MradlSi02 )  (this  accounts  for  the  excess 
collector  current),  and  current  gain  at  a  total  dose  of  1  MradtSiOo )  (assuming 
negligible  excess  collector  current,  i.e.  current  gain  =  /r.pre/^B. 
plotted  against  the  pre-irradiated  collector  current. 

the  current  gEin.  Thus,  a  simple  method  to  account  for  the 
excess  collector  current  is  necessary. 

Recent  BIT  charge  separation  work  has  shown  that  the  .\ox 
densities  necessary  to  invert  the  extrinsic  base  are  significantly 
exceeded  for  typical  device  operating  conditions  [4]  and  [5]. 
The  formation  of  this  inversion  layer  is  key  to  many  of 
the  characteristics  of  excess  collector  current  because  this 
inversion  layer  is  ohmically  connected  to  the  diffused  emitter 
and  therefore  acts  as  an  extra  emitter  in  the  BJT.  At  higher  total 
doses  of  radiation,  this  iVox-induced  emitter  can  be  responsible 
for  excess  collector  current  magnitudes  on  the  order  of  the 
collector  current  itself  (the  actual  value  is  highly  dependent 
on  device  geometry). 

This  work  presents  a  detailed  analysis  of  excess  collector 
currents  in  irradiated  BJT’s.  Simple  equations  for  predicting 
the  experimentally-observed  increases  in  the  collector  current 
are  derived.  PISCES  simulations  are  used  to  confirm  the 
analysis. 

II.  Experiment  and  Simulation 

Two  BJT  technologies  were  studied  in  this  work.  .A  rep¬ 
resentative  cross-section  of  the  devices  is  shown  in  Fig.  2 
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Fig.  2.  Representative  cross-section  and  relevant  parameters  of  the  devices 
studied  in  this  work. 


along  with  a  table  of  relevant  device  parameters.  XFCB  de¬ 
vices  are  oxide-isolated  polysilicon  emitter  bipolar  transistors 
fabricated  in  a  complementary  bipolar  process  described  in 
[7].  RBCMOS  devices  are  oxide-isolated  polysilicon  emitter 
BIT'S  fabricated  in  a  BiCMOS  process.  A  typical  top  view 
of  both  devices  and  definitions  for  the  intrinsic  base  and  the 
extrinsic  base  are  shown  in  Fig.  3.  Irradiation  was  performed 
in  a  Co-60  source  with  all  pins  grounded.  I-V  characteristics 
were  measured  in-situ  immediately  upon  reaching  the  total 
doses  at  which  measurements  were  taken. 

The  two  technologies  studied  were  simulated  in  PISCES 
using  SUPREM-generated  doping  profiles.  Two-dimensional 
simulations  provide  current  per  unit  length,  so  the  simula¬ 
tion  currents  were  multiplied  by  the  appropriate  length  to 
account  for  the  contributions  of  the  extrinsic  base  [8]-[10] 
(the  devices  studied  in  this  work  have  square  emitters  so  the 
two-dimensional  simulation  currents  were  multiplied  by  the 
perimeter  of  the  emitter  to  obtain  realistic  three-dimensional 
currents).  Radiation  damage  was  approximated  in  the  simula¬ 
tions  with  uniformly -distributed  positive  charge  at  the  oxide- 
silicon  interface.  Charge  densities  used  in  the  simulations  were 
obtained  from  application  of  a  charge  separation  technique  to 
the  technologies  studied  in  this  work  [5],  [10]. 


III.  Analysis  and  Results 


A,  Temperature  Effects 

Variations  in  temperature  with  total  dose  of  up  to  -f-3°C 
were  observed  in  the  measured  I-V  characteristics.  Due  to  the 
combined  cubic  and  exponential  dependencies  of  the  collector 
current  on  temperature,  such  small  changes  can  have  a  large 
effect  on  the  magnitude  of  the  excess  collector  current. 

The  effect  of  temperature  on  the  excess  collector  current 
magnitude  was  accounted  for  by  assuming  that 

IcnT^e~'^  ^  (1) 


Fig.  3.  (a)  Top  view  of  the  devices  studied  and  (b)  definition  of  the  intrinsic 

base  and  the  extrinsic  base. 

where  T  is  the  temperature  in  K,  Eg  is  the  silicon  energy 
band  gap  (the  temperature  dependence  was  assumed  to  be 
negligible  for  the  small  range  of  temperatures  observed),  q 
is  the  electronic  charge,  Vbe  is  the  base-emitter  voltage,  and 
k  is  Boltzmann’s  constant.  The  excess  collector  current  at 
each  total  dose  was  calculated  by  subtracting  a  pre-irradiation 
collector  current,  calculated  at  the  measurement  temperature, 
from  the  measured  collector  current.  The  excess  collector  cur¬ 
rents  at  the  measurement  temperatures  were  then  recalculated 
at  r  =  3(X)  K.  All  PISCES  simulations  were  also  done  with 
T  =  300  K. 


B.  Physical  Mechanism  and  Modeling 

Fig.  4  shows  experimental  excess  collector  current  plotted 
against  base-emitter  voltage.  The  exponential  dependence  of 
the  excess  collector  current  on  Vbe  (with  an  ideality  factor, 
n  =  1)  indicates  that  A/c  is  indeed  a  current  due  to  injection 
of  carriers  over  a  potential  barrier  rather  than  a  leakage 
current.  Fig.  5  shows  experimentally-measured  excess  collec¬ 
tor  currents  plotted  against  increasing  total  dose  at  I'be  = 
0.6  V.  Fig.  5  also  shows  simulated  excess  collector  current 
plotted  against  increasing  Nox  at  Vbe  =  0.6  V.  The  trends 
demonstrated  by  the  simulated  excess  collector  currents  concur 
with  experiment  (note  that  the  linear  scale  for  A  ox  concurs 
with  the  log  scale  for  total  dose:  a  near-logarithmic  relationship 
between  oxide  charge  and  total  dose  has  been  demonstrated 
experimentally  in  [4],  [5]  and  is  discussed  in  greater  detail  in 
[11])  and  can  be  explained  as  follows  [12]: 
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Fig.  4.  XFCB  experimental  excess  collector  current  versus  VsE^t  various 
total  doses. 


Fig.  5.  Experimental  excess  collector  current  versus  total  dose  at  V'be  = 
0.6  V  and  simulated  excess  collector  current  versus  oxide  charge  at  V'be  = 
0,6  V  for  both  technologies  studied. 


Upon  irradiation,  Nojl  builds  up  in  the  oxide  over  the  p- 
type  extrinsic  base.  When  sufficiently  large  positive  oxide 
charge  densities  build  up  over  the  extrinsic  base,  an  n-type 
inversion  layer  will  be  formed  at  the  surface.  The  formation 
of  the  inversion  layer  with  increasing  oxide  charge  is  shown 
by  simulation  in  Fig.  6.  The  figure  shows  simulated  electron 
concentration  at  V’be  =  ^  b  V  increasing  with  iVox  at  the 
extrinsic  base  surface  until,  at  high  enough  ATqx,  it  approaches 
the  electron  concentration  at  the  edge  of  the  diffused  emitter. 
The  inversion  layer  is  ohmically  connected  to  the  diffused 
emitter  region  so  this  is  equivalent  to  extending  the  emitter 
area.  Forward  biasing  the  emitter-base  junction  under  this 
condition  results  in  injection  of  electrons  into  the  base  not 
only  from  the  diffused  emitter,  but  also  from  the  inversion 
layer.  This  is  demonstrated  in  Fig.  7  which  plots  simulated 
total  current  density  normal  to  a  cutline  near  the  collector 
at  V’be  =  0.6  V.  This  excess  collector  current  saturates 
(becomes  independent  of  total  dose)  when  the  surface  is 
heavily  inverted  so  that  the  ohmic  voltage  drop  along  the 


Distance  Along  CuiUne  (Mm] 


Fig.  6.  PISCES  simulated  electron  concentration  along  the  oxide-silicon 
interface  at  Vbe  “  ^  versus  increasing  oxide  charge  for  an  XFCB  device. 


inversion  layer  is  negligible.  At  this  point  the  efficiency  of 
the  iVox-induced  emitter  approaches  the  emitter  efficiency  of 
the  diffused  emitter.  This  is  shown  in  Fig.  7  where  at  high 
values  of  iVox.  the  current  density  saturates  and  the  ratio  of 
the  current  densities  across  the  intrinsic  base  ( Jix)  and  across 
the  extrinsic  base  (Jex).  on  average,  is 

Jim  GNim  =  GNex, 

where  GNim  and  GNex  are  the  Gummel  numbers  which 
account  for  the  nonuniform  doping  of  the  intrinsic  base  and 
extrinsic  base,  respectively.  The  validity  of  the  above  expres¬ 
sion  is  strengthened  by  the  simulations.  They  show  virtually 
identical  potential  barriers  between  the  inversion  layer  and 
extrinsic  base  and  between  the  diffused  emitter  and  intrinsic 
base  when  the  excess  collector  current  saturates. 

The  emitter  action  of  the  .Vox-induced  inversion  layer 
demonstrated  by  Fig,  7  allows  the  excess  collector  current  to 
be  expressed  as 

Ale  =  -^exJexi 

where  Aex  is  the  area  of  the  extrinsic  base.  This  relationship 
between  the  excess  collector  current  and  the  Aox-induced 
inversion  layer  can  be  interpreted  in  terms  of  increases  in  the 
effective  emitter  area  (AE,eff)*  is  defined  as 

^  ,4) 

GNin 

Ic  =  ho  +  iho  is  the  collector  current  from  the 
intrinsic  base  under  the  emitter  and  Ale  is  the  excess  col¬ 
lector  current  due  to  electrons  injected  from  the  Aox-induced 
inversion  layer  across  the  extrinsic  base)  is  the  total  collector 
current,  n,  is  the  intrinsic  carrier  concentration,  and  J  is  the 
inverse  thermal  voltage. 

The  contribution  of  the  Aox-induced  emitter  to  the  effec¬ 
tive  emitter  area  is  demonstrated  in  Fig.  8.  The  figure  plots 
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Fig.  7.  PISCES  simulated  total  current  density  normal  to  cutline  at  \  be  = 
0.6  V  versus  increasing  oxide  charge  for  an  XFCB  device. 

experimental  effective  emitter  area  at  Vbe  =  0.6  V  calculated 
from  (4)  against  total  dose  as  well  as  simulated  effective 
emitter  area  at  Vbe  =  0.6  V  against  Nqx^  The  lower  bound 
on  AE.eff  is  simply  the  effective  emitter  area  of  the  diffused 
emitter  at  Vbe  =  0.6  V  (which  we  call  Ae)~  The  upper  bound 
(-4f:,eff,MAx)  is  represented  by 

^E.eff.MAX  =  Ae  +  7~r^-4EX-  (5) 

(jiSEx 

with  an  ^Iex  estimated  from  the  PISCES  simulation  results  in 
Fig.  7.  And,  as  demonstrated  by  the  two-dimensional  simula¬ 
tion  in  Fig.  7,  Ae  and  Aex  are  difficult  to  calculate  due  to 
three-dimensional  current  flow.  The  problem  is  bounded,  how¬ 
ever,  because  Ae  is  never  smaller  than  the  emitter  diffusion 
mask  area  and  A  ex  is  never  larger  than  the  difference  between 
the  extrinsic  base  diffusion  mask  and  emitter  diffusion  mask 
areas. 

C.  Technology  Differences 

Based  on  the  above  explanation,  the  differences  between 
the  excess  collector  currents  of  the  two  technologies  in  Fig.  5 
become  apparent.  The  XFCB  excess  collector  current  saturates 
at  a  higher  value  because  of  a  larger  extrinsic  base  area  and 
a  larger  ratio  of  Gummel  numbers.  The  RBCMOS  excess 
collector  current  saturates  at  a  lower  total  dose  because  the 
extrinsic  base  surface  doping  is  lower.  Hence,  the  RBCMOS 
extrinsic  base  inversion  layer  requires  smaller  densities  of 
oxide  charge  to  approach  the  emitter  efficiency  of  the  diffused 
emitter. 

IV.  Summary 

The  physical  mechanism  for  excess  collector  current  in 
irradiated  NPN  BJT's  was  identified.  A  simple  analysis  based 
on  collector  current  equations  showed  the  effect  of  radiation 
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Fig.  8.  Experimental  effective  emitter  area  at  t  be  =  0-6  versus  total  dose 
and  simulated  effective  emitter  area  at  V'be  =  0-6  V  versus  oxide  charge  for 
an  XFCB  device. 

on  the  effective  emitter  area.  The  excess  collector  current 
increases  with  increasing  total  dose.  It  saturates  at  magnitudes 
bounded  by  simple  analysis  based  on  the  dependence  of  excess 
collector  current  on  device  geometry. 
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Abstract 

The  excess  base  current  in  an  irradiated  BIT  increases  super- 
linearly  with  total  dose  at  low-total-dose  levels.  In  this  regime, 
the  excess  base  current  depends  on  the  particular  charge-trap¬ 
ping  properties  of  the  oxide  that  covers  the  emitter-base  junc¬ 
tion.  The  device  response  is  dose-rate-,  irradiation-bias-,  and 
technology-dependent  in  this  regime.  However,  once  a  cnn- 
cal  amount  of  charge  has  accumulated  in  the  oxide,  the  excess 
base  current  saturates  at  a  value  that  is  independent  of  how 
the  charge  accumulated.  This  saturated  excess  base  current 
depends  on  the  device  layout,  bulk  lifetime  in  the  base  region, 
and  the  measurement  bias.  In  addition  to  providing  important 
insight  into  the  physics  of  bipolar-transistor  total-dose  re¬ 
sponse.  these  results  have  significant  circuit-level  impUcations. 
For  example,  in  some  circuits,  the  transistor  gain  that  corre¬ 
sponds  to  the  saturated  excess  base  current  is  sufficient  to  al¬ 
low  reliable  circuit  operation.  For  cases  in  which  the  satu¬ 
rated  value  of  current  gain  is  acceptable,  and  where  other  cir¬ 
cuit  elements  permit  such  over-testing,  this  can  greatly  sim¬ 
plify  hardness  assurance  for  space  applications. 


I.  INTRODUCTION 

Bipolar  and  BiCMOS  technologies  have  important  applica¬ 
tions  in  space  systems,  particularly  in  linear  and  mixed-signal 
integrated  circuits.  The  degradation  of  the  current  gain  in 
modem  integrated  bipolar  transistors  due  to  ionizing  radia¬ 
tion  has  received  significant  attention,  with  much  of  the  effort 
focused  on  understanding  the  device  response  allow  dose  rates 
[1-6].  Predicting  the  response  of  these  devices  in  low -dose- 
rate  space  environments  is  currently  not  possible  with  labora¬ 
tory  dose-rate  irradiations  and  anneals  [3].  Testing  techniques 
for  predicting  the  low -dose-rate  response  of  MOS  devices  are 
not  apphcable  to  bipolar  devices  [3]  due  to  the  fundamentally 
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different  physics  that  determine  bipolar  device  gain  degrada¬ 
tion  [1].  Indeed,  high  temperature  armealing  following  irra¬ 
diation  improves  the  characteristics  of  bipolar  devices  [3],  in 
contrast  to  the  enhanced  degradation  due  to  interface-trap  ef¬ 
fects  observed  for  MOS  devices,  which  may  exhibit  thresh¬ 
old-voltage  rebound  [7]- 

The  increase  in  base  current  of  modem  bipolar  devices  at  low 
total  doses  is  dose-rate  dependent  [3,  6,  8],  with  lower  dose 
rates  causing  more  device  degradation  than  higher  dose  rams. 
Testing  devices  at  extremely  low  dose  rates  is  unattractive, 
however,  due  to  the  large  amount  of  time  required  to  obtain 
reasonable  total  doses.  On  the  other  hand,  if  the  worst-case 
increase  in  base  current  can  be  ascertained  from  laboratory 
irradiations,  it  may  be  possible  to  rapidly  qualify  parts  for  ap¬ 
plications  where  the  worst-case  current  gain  is  sufficient  for 
reliable  circuit  operation. 

In  this  paper  we  demonstrate  that  the  maximum  degradation 
that  may  occur  due  to  excess  base  current  in  typical  modem 
bipolar  device  geometries  is  independent  of  dose  rate  and  bias 
f^iiring  irradiation.  Excess  base  current  is  the  base  current  that 
is  a  result  of  the  radiation-induced  damge,  mathematically, 
the  total  base  current,  / g,  is  written  as  =  ^B.pre-rad  *  ^B- 
Hiysically,  the  saturation  of  excess  base  current  occurs  be¬ 
cause  once  a  critical  amount  of  charge  has  accumulated  in  the 
screen  oxide  over  the  base  region,  the  excess  base  current  be¬ 
comes  relatively  insensitive  to  surface  conditions.  Thus,  al¬ 
though  it  may  take  different  amounts  of  total  ionizing  dose  to 
reach  the  necessary  amount  of  oxide  charge  to  cause  the  worst- 
case  increase  in  base  current,  the  maximum  current  that  can 
flow  once  this  condition  is  met  is  independent  of  dose  rate 


□  Onde  H  Mcol  ,  E  Polysihcon 


Figure  1.  Representative  cross-section  of  BJTs  from  technology  A. 
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Table  I .  Relevant  Device  Parameters 


Quantity 

Technology  A 

Technology  B 

Technology  C 

Emitter  Type 

polysilicon 

polysilicon 

silicon 

Emitter  Size 

1.5  X  1.5  pm 

1.5  X  1.5  \m 

1.5  X  1.5  urn 

Ext  Base  Surf.  Doping 

9x  lO'^cm-^ 

7,8  X  10*’ cm’ 

U10'®cm’ 

Active  Base  Width 

0.4  |xm 

1  urn 

0.8  \un 

lot.  Base  Ijength 

1.5  urn 

1  pm 

1.5  \im 

Oxide  Thickness 

545  nm 

55  nm 

545  nm 

Nominal  Current  Gain 

70  A/A 

200  A/A 

40A/A 

Base  Emitter  Base 
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Figure  2.  Schematic  cross-section  of  the  emitter-base  region  of 
technology  B.  The  dashed  line  perpendicular  to  the  oxide-silicon 
interface  is  germane  to  figures  6  and  7. 


and  bias  during  irradiation.  Based  on  these  observations,  im¬ 
plications  for  hardness  assurance  testing  of  modem  bipolar 
devices  are  discussed. 


IL  EXPERIMENTAL  Details 

A  representative  cross-section  of  devices  from  technology  A 
is  shown  in  figure  1.  These  devices  are  single-poly  polysdicon 
emitter  NPN  bipolar  transistors  from  a  complementary  bipo¬ 
lar  process  described  in  [9].  Technology  B  is  a  related  BiCMOS 
process,  and  technology  C  is  a  standard  emitter  process  that  is 
very  similar  to  technology  A.  except  that  it  uses  a  metal-con¬ 
tacted  implanted  emitter.  All  relevant  device  parameters  are 
summarized  in  table  1.  The  devices  were  irradiated  in  a  Pb/Al 
box  with  a  Co-60  source  at  various  dose  rates  with  all  pins 
grounded,  except  where  other  biases  are  noted. 

In  figure  2.  a  schematic  cross-section  of  the  emitter-base  re¬ 
gion  from  technology  B  is  shown.  In  this  technology,  which  is 
typical  of  all  commercial  single-poly  BJTs  of  which  we  are 
aware,  the  oxide  overlying  the  emitter-base  junction  serv  es  as 
a  screen  oxide  for  the  base  implant  The  oxide  is  not  stripped 
after  this  step.  Next  the  emitter  polysilicon  is  deposited  and 
used  as  the  diffusion  source  for  the  crystalline-silicon  emitter 
region.  This  high  temperature  step,  plus  the  damage  done  by 
the  implant,  combine  to  produce  a  poor  quality  oxide.  The 
charge  trapping  properties  of  this  oxide  differ  significandy 
from  gate -quality  oxides  [10].  For  this  paper,  it  is  sufficient  to 
note  that  extremely  large  amounts  of  positive  charge  may  be 


the  three  technologies  listed  in  table  1. 


Total  Dose  [krad(Si02)] 

Figure  4.  Excess  base  current  at  =  0.6  V  versus  total  dose  at 
four  different  dose  rates  for  devices  from  technology  A. 

trapped  in  this  oxide  upon  exposure  to  ionizing  radiation.  This 
has  profound  implications  for  the  device  response,  ^  seen  in 
the  next  sections. 


III.  experimental  results 

The  excess  base  current  at  a  base-emitter  voltage.  V^£,  of  0  6 
V is  plotted  in  figure  3  versus  total  ionizing  dose  for  technolo¬ 
gies  A,  B,  and  C.  For  ail  technologies,  the  excess  base  current 
increases  super-linearly  with  total  dose  for  low  total  doses, 
but  tends  to  saturate  for  very  large  total  doses.  This  behav  ior 
is  described  analytically  in  [1 1].  Note  that  the  value  of  excess 
base  current  at  saturation  is  different  for  technologies  A  and 
B.  Also  note  that,  although  technology  C  exhibits  much  more 
excess  base  current  at  low  total  doses  than  either  technology 
A  or  B,  the  currents  merge  at  high  total  doses.  Finally,  al¬ 
though  the  dose  rates  for  the  different  technologies  are  slighdy 
different,  the  differences  in  response  in  figure  3  are  not  due  to 
these  dose-rate  differences,  as  discussed  below. 

In  figure  4,  A/^at  Vbe  =  0.6  V  is  plotted  versus  total  dose  for 
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Figure  5.  Excess  base  current  at  V^£  =  0.6  V  versus  total  dose  for 
two  irradiation  biases.  The  devices  are  from  technology  B. 


devices  from  technology  A,  with  dose  rate  as  a  parameter.  For 
low  total  doses,  the  degradation  is  most  severe  at  the  lowest 
dose  rates,  as  reported  in  [3].  This  difference  has  recently  been 
linked  to  the  difference  in  oxide  charge  buildup  as  a  function 
of  dose  rate  [6,  10].  Note  that  there  is  little  difference  in  de¬ 
vice  response  as  a  function  of  dose-rate  for  rates  larger  than 
approximately  100  rad(Si02)/s,  as  reported  in  [3].  This  be¬ 
havior  has  been  observed  on  all  other  technologies  we  have 
tested.  The  low -dose  response  differences  will  be  discussed 
elsewhere  [10].  Here  we  concentrate  on  the  high  total  doses, 
where  the  excess  base  current  in  figure  4  saturates  at  a  value 
that  is  independent  of  dose  rate. 

In  figure  5,  A/g  at  =  0.6  V^is  plotted  versus  total  dose  for 
two  different  bias  conditions  during  irradiation:  (1)  all  pins 
grounded  and  (2)  emitter-base  junction  reverse-biased  at  2  V. 
The  devices  are  from  technology  B  and  the  dose  rate  is  11 
rad(Si02)/s.  Reverse  bias  on  the  emitter  gives  slightly  worse 
degradation  at  lower  total  doses,  but  the  excess  base  currents 
merge  for  high  total  doses  at  a  value  that  is  independent  of 
bias.  Note  that  the  value  of  the  worst-case  (maximum)  base 
current  is  consistent  with  that  of  the  Technology-B  devices 
irradiated  at  211  rad(Si02)/s  in  figure  3  (»  2±1  x  10“®  A), 
further  confirming  the  dose-rate  independence  of  worst-case 
base  current. 

Although  the  results  presented  above  are  all  for  =  0.6  V, 
the  conclusions  are  the  same  for  other  measurement  biases. 
The  specific  saturation  value  of  the  excess  base  current  de¬ 
pends  on  the  value  of  Vq£  at  which  A/^  is  measured,  but  the 
saturation  behavior  is  the  same.  Also,  although  a  limited 
amount  of  data  has  been  presented  here,  it  is  representative  of 
an  enormous  amount  of  data  taken  over  the  course  of  this 
project. 

To  summarize  the  experimental  results,  the  excess  base  cur¬ 
rent  in  an  irradiated  BJT  increases  super-hnearly  with  total 
dose  at  low  total  doses  [1. 1 1].  In  this  regime,  the  excess  base 
current  depends  on  the  particriiar  charge-tr^ping  properties 


Figure  6.  Energy  band  diagram  normal  to  the  oxide-silicon 
interface  along  the  dashed  line  indicated  in  figure  2. 


Distance  Into  Silicon  [//m] 

Figure  7.  PISCES-simulated  recombination  rate  versus  position 
normal  to  the  interface  for  Vbe  =  0.5  V  and  various  amounts  of 
positive  oxide  charge. 

of  the  oxide  that  covers  the  emitter-base  junction  [10].  The 
device  response  is  dose -rate-,  irradiation-bias-,  and  technol¬ 
ogy-dependent  in  this  regime.  However,  once  a  critical  amount 
of  charge  has  accumulated  in  the  oxide,  the  excess  base  cur¬ 
rent  saturates  at  a  value  that  is  independent  of  how  the  charge 
accumulated.  This  saturated  excess  base  current  depends  only 
upon  device  parameters,  as  seen  in  the  next  section. 

IV.  MODEUNG 

To  understand  the  above  results,  consider  the  effect  of  posi¬ 
tive  charge  on  the  band  bending  normal  to  the  oxide-silicon 
interface  in  the  lightly-doped  extrinsic  base.  Figure  6  shows 
energy  bands  along  the  dashed  vertical  line  indicated  in  figure 
2  for  a  fixed  positive  oxide  charge  at  a  fixed  forward-bias  volt¬ 
age  between  emitter  and  base.  The  .t-direcdon  is  taken  to  be 
normal  to  the  oxide-silicon  interface.  Figure  7  plots  PISCES- 
simulated  [12]  recombinadon  rate  along  the  same  line  for  a 
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Figure  8.  PISCES-simulated  excess  base  current  versus  positive 
oxide  charge  at  =  0.5  V  for  technology  B. 

fixed  forward  bias  and  increasing  amounts  of  positive  oxide 
charge.  As  oxide  charge  increases,  the  surface  recombination 
rate  in  the  lightly -doped  portion  of  the  extrinsic  base  (far  from 
the  emitter-base  junction)  increases  to  a  value  set  by  the  ap¬ 
plied  voltage  and  the  recombination  lifetime  in  the  silicon,  as 
shown  below.  In  these  simulations,  the  lifetimes  were  adjusted 
to  match  the  forward  characteristics  of  the  device.  Also,  the 
lifetime  in  the  silicon  was  assumed  to  be  uniform.  Further 
increases  in  oxide  charge  push  the  peak  of  the  recombination 
rate  below  the  surface,  into  the  silicon  bulk.  For  the  condi¬ 
tions  in  figure  7,  the  recombination  peak  is  located  below  the 
surface  for  the  curves  corresponding  to  a  1.5  x  10^^  cm"^. 

The  excess  base  current  is,  quite  generally,  the  integral  of  the 
recombination  rale  multiplied  by  the  electronic  charge.  From 
figure  7  it  is  seen  that,  once  the  recombination  peak  moves 
subsurface,  the  integral  of  the  recombination  rate  is  largely 
unchanged,  which  translates  into  a  saturation  in  the  excess 
base  current.  Also  note  that  the  integral  of  the  recombination 
rate  is  largely  independent  of  the  surface  recombination  rate 
when  the  peak  moves  below  the  surface.  For  example,  an 
order  of  magnitude  increase  in  the  surface  recombination  rate 
(which  could  be  due  to  e.g.  interface  traps)  would  still  affect 
the  total  integral  only  slighdy  when  the  recombination  peak 
lies  below  the  surface. 

In  figure  8,  PISCES-simulated  excess  base  curent  at  ^fl£  = 
0.5  V is  plotted  versus  positive  oxide  charge.  The  excess  base 
current  saturates  once  exceeds  transition),  which  may 
be  expressed,  using  the  depletion  approximation,  as  [1 1] 


N ^^transitioii)  - 


In  this  expression,  is  the  permittivity  of  silicon,  q  is  the 


magnitude  of  the  electronic  charge,  k  is  Boltzmann's  constant, 
T  is  absolute  temperature,  n^  is  the  intrinsic  earner  concentra¬ 
tion,  and  is  the  surface  doping  of  the  lightly-doped  extrin¬ 
sic  base.  For  technology  B,  transition)  at  Vg^  =  0.5  i/is 
about  1.5  X  10^-  cm’-,  as  indicated  in  figure  8. 

When  the  recombination  peak  moves  below  the  surface,  the 
e.xcess  base  current  becomes  relatively  insensitive  to  additional 
surface  damage,  as  discussed  in  the  preceding  paragraph.  This 
is  a  result  of  the  sharply  peaked  nature  of  the  recombination 
rale  with  respect  to  depth.  The  peak  value  occurs  at  the  posi¬ 
tion  where  n=p  (the  cross-over  condition).  Note  that  for 
=  2.0  X  10^^  cm““,  the  recombination  rate  at  the  surface  is 
approximately  1%  of  the  peak  rate.  If  the  suri'ace  recombina¬ 
tion  lifetime  were  to  decrease  e  g.  by  an  order  of  magnitude, 
the  surface  recombination  rate  would  still  only  be  10%  of  the 
peak  rate.  When  the  cross-over  point  has  moved  beneath  the 
surface,  increasing  the  surface  recombination  velocity  in¬ 
creases  the  recombination  right  at  the  surface,  but  the  inte¬ 
grated  recombination  rate,  which  is  the  excess  base  current, 
remains  largely  unchanged.  Thus,  the  excess  base  current  when 
the  cross-over  point  is  beneath  the  surface  may  be  written  as 
M ^subsurface),  given  by  [11] 


^ ^subsurface)  = 


IXbe 


IkT 


(2) 


In  this  expression,  Ar  is  the  effective  thickness  of  the  region 
where  significant  recombination  occurs,  the  surt'ace 

area  of  the  lightly-doped  extrinsic  base  that  surrounds  the 
emitter,  and  x  is  the  bulk  minority-carrier  lifetime.  .An  esti¬ 
mate  for  Ac  is  the  depletion-layer  width  induced  by  the  posi¬ 
tive  oxide  charge  in  the  depletion  approximation.  Ac  < 

Ny  Based  on  equation  (2),  an  expression  for  the  worst-case 
current  gain  is  derived  in  the  Appendix.  This  expression. 
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agrees  well  with  the  data,  as  demonstrated  in  the  Appendix, 
and  further  confirms  the  utility  of  this  analysis. 

Equation  (2)  indicates  that  subsurface)  is  proportional  to 
the  area  of  the  lightly-doped  extrinsic  (LDE)  base,  as  shown 
in  [1],  and  inversely  proportional  to  the  recombinauon  life¬ 
time.  Recall  from  figure  3  that  technology  A  had  a  higher  value 
of  saturation  excess  base  current  than  technology  B.  Tlie  dif¬ 
ference  is  explained  by  noting  that  the  LDE  base  area  for  tech¬ 
nology  .A  is  larger  than  technology  B,  and  the  LDE  base  is 
more  heavily  doped  at  the  surface,  which  leads  to  a  shorter 
recombination  lifetime.  These  effects  combine  to  produce  a 
larger  td ^subsurface)  in  technology  A  than  technology  B. 

Technology  C  exhibits  much  larger  excess  base  current  at  low 
total  doses  than  either  technologies  A  and  B,  which  is  attnb- 
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Figure  9.  Oxide-trapped  charge  versus  total  dose  from  MOS 
capacitoR  from  technology  B.  Both  electrodes  were  grounded 
during  irradiation. 


To  first  order,  however,  the  theory  and  experiment  agree  quite 
well,  as  the  excess  base  current  saturates  while  the  oxide 
charge  continues  to  accumulate. 

V.  CONCLUSIONS 

From  the  previous  discussion,  it  is  evident  that  the  rate  at 
which  the  charge  builds  up  does  not  affect  the  worst-case 
excess  base  current  in  these  devices.  This  result  clarifies  im¬ 
portant  features  of  the  dose-rate  dependence  in  B  JT  gain  deg¬ 
radation  that  has  been  reported  previously.  The  enhanced 
degradation  at  low  dose  rates  occurs  because  more  oxide 
charge  is  trsqjped  at  the  lower  dose  rates  than  at  higher  rates, 
in  agreement  with  measurements  of  oxide  trapped  charge  in 
MOS  capacitors  formed  using  the  oxide  that  covers  the  emit¬ 
ter-base  junction  [10]. 


utable  to  differences  in  the  charge  trapping  properties  of  the 
oxide  in  this  technology.  Evidently,  technology  C  accumu¬ 
lates  positive  charge  more  rapidly  than  either  technology  A  or 
B.  However,  because  technology  C  has  the  same  LDE  base 
area  as  technology  A  and  similar  IDE  base  surface  doping,  it 
is  not  surprising  that  the  excess  base  currents  for  technologies 
A  and  C  merge  at  high  total  doses. 

The  dose-rate  and  bias  independence  of  Alg( subsurface)  evi¬ 
dent  from  figures  2  and  3  is  also  easily  understood  from  fig¬ 
ures  7  and  8.  Although  the  total  dose  required  to  exceed 
N  J transition )  depends  upon  the  particular  irradiation  condi¬ 
tions,  td ^subsurface)  is  only  a  weak  fimction  of  beyond 
N  J  transition).  In  fact,  beyond  N^transition).  the  excess 
ba^  current  may  be  expected  to  increase  by  ^roximately  a 
factor  of  2  as  more  and  more  of  the  recombination  occurs  be¬ 
low  the  surface.  Thus,  although  the  saturated  value  of  the  base 
current  is  reached  at  lower  total  doses  for  low-dose-rate  and 
reverse-biased  irradiations,  eventually  all  devices  accumulate 
enough  oxide  charge  to  force  the  recombination  peak  below 
the  surface. 


This  effect  is  confirmed  in  figure  9,  where  measured  from 
midgap-voltage  shifts  in  MOS  capacitors  with  the  same  oxide 
as  that  over  the  lightly-doped  extrinsic  base  is  plotted  versus 
total  dose.  It  is  seen  that  extremely  large  amounts  of  positive 
charge  accumulate  in  the  oxide,  and  the  increase  in  N^f  does 
not  saturate  with  increasing  total  dose.  If  we  assume  for  sim¬ 
plicity  that  Ngx  is  tbe  same  as  which  amounts  to  neglect¬ 
ing  the  contribution  of  charged  interface  traps,  then 
N  J  transition)  is  reached  at  a  total  dose  of  about  200 
kradfSiO,).  Referring  to  figure  5,  we  see  that  the  excess  base 
current  has  indeed  begun  to  samrate  at  about  200  krad(Si02). 
The  actual  increase  in  excess  base  current  beyond  200 
krad(Si02).  however,  is  about  a  factor  of  five  instead  of  the 
predicted  factor  of  two.  Possible  explanations  for  the  discrep¬ 
ancy  are  non-negligible  surface  effects,  alaterally  nonuniform 
distribution  of  oxide  charge,  the  limitations  of  the  depletion 
approximation,  and  the  contribution  of  charged  interface  traps. 


In  addition,  we  have  shown  that  any  convenient  laboratory 
dose  rate  may  be  used  to  obtain  the  worst-case  response  of 
the  device,  as  long  as  the  total  dose  used  is  sufficient  to  pro¬ 
duce  saturation  in  A/g.  It  should  be  noted  that,  at  the  high 
total  doses  required  to  observe  saniration  in  A/g,  failure  modes 
other  than  gain  degradation  of  the  transistors  may  limit  cir¬ 
cuit  performance  (e.g..  leakage  currents,  especially  m 
BiQvIOS  devices  with  non-hardened  MOS  field  oxides).  This 
fact  does  not  affect  the  worst-case  nature  of  the  method  pro¬ 
posed  above  for  obtaining  the  excess  base  current,  however. 
When  the  worst-case  excess  base  current  flows  in  a  modem 
bipolar  transistor,  the  current  gain  is  still  sufficient  for  many 
digital  circuit  applications  [13,  14].  The  results  presented 
above  indicate  a  potentially  fast,  reliable  means  to  qualify 
bipolar  devices  in  digital  circuits  for  space  applications. 


appendix 

In  this  appendix,  an  expression  for  the  worst-case  current  gain 
in  an  irradiated  BJT  is  derived  and  compared  to  a  previously- 
proposed  expression,  as  well  as  experimental  data. 


Dectrons  reach 
collector 


Electrons 
recombine  at 
surface 


Figure  A-1.  Top  view  of  an  emitter  illustrating  the  areas  relevant  to 

the  no-depletion-region-recombination  model. 
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A.  1.  NO  DEPLETION  REGION  RECOMBINATION 

A  simple  model  was  proposed  in  [15]  for  the  worst-case  cur¬ 
rent  gain  in  an  irradiated  BJT.  The  model  assumes  that,  in  the 
worst-case,  the  oxide-silicon  surface  acts  as  an  infinite  sink 
for  carriers  injected  from  the  emitter.  If  we  consider  the  rect¬ 
angular  emitter  geometry  shown  in  figure  A-L  with  dimen¬ 
sions  and  ^£2*  and  an  active  base  width  W,  the  model 
assumes  that  all  carriers  injected  into  the  base  within  a  dis¬ 
tance  W  of  the  edge  of  the  emitter  will  recombine  at  the  ox¬ 
ide-silicon  interface.  Carriers  emitted  in  the  interior  region  of 
the  emitter  will  traverse  the  base  and  show  up  as  collector 
current.  It  is  assumed  that  the  device  has  ideal  emitter-injec¬ 
tion  efficiency  (no  back-injection  of  carriers  into  the  emitter) 
and  that,  in  the  worst  case,  the  total  base  current  approaches 
the  base  current  due  to  recombination  at  the  oxide-sdicon  in¬ 
terface.  Based  on  these  assumptions,  the  collector  current  is 
proportional  to  the  injected  electrons  that  reach  the  collector 
and  the  base  current  is  proportional  to  the  injected  electrons 
that  recombine  at  the  interface.  The  current  gain  is  just  the 
ratio  of  the  areas: 
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Figure  A-2.  Current  gain  versus  base  emitter  voltage  for  technol¬ 
ogy  A,  with  the  two  mode!  predictions  superimposed  on  the 
experimental  data. 


and  the  collector  current  prefactor.  may  be  expressed  as 


p( 
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where  the  numerator  is  the  area  over  which  the  injected  elec¬ 
trons  reach  the  collector  and  the  denominator  is  the  area  over 
which  the  injected  electrons  recombine  at  the  interface.  This 
expression  simplifies  to  A^(W  P^)  for  large-area  emitters 
(^£1*  ^£2  »  MO,  where  A£  is  the  emitter  area  (L£j  x  L^)  and 
Pg  is  the  emitter  perimeter  (2  ^  (L£j  +  ^£2)).  This  model 
does  not  include  the  voltage  dependence  of  the  current  gain, 
since  it  neglects  recombination  in  the  emitter-base  depletion 
region. 

A.2.  DEPLETION  REGION  RECOMBINATION 

In  this  section,  an  expression  is  derived  for  worst-case  current 
gain  based  on  depletion-region  recombination.  To  begin,  we 
define  the  collector  current  as  /^  =  exp[q  Vs^/ikT)],  and 
the  excess  base  current  given  in  equation  (2)  as  AIq  = 
exp[^  ^Q£/{2kT)].  When  the  excess  base  current  dominates 
the  total  base  current,  the  current  gain  may  be  written  as 
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From  equation  (2),  we  have 
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where  D  is  the  diffusivity  of  electrons  traversing  the  base, 
is  the  area  of  the  emitter,  and  GN  is  the  Gummel  number  of 
the  base  defined  by 


(5-A) 

Combining  these  expressions,  we  obtain  the  following  expres¬ 
sion  for  the  worst-case  current  gain: 
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In  figure  2-A,  the  current  gain  versus  ^BE  for  devices  from 
technology  A  is  plotted  for  several  values  of  total  ionizing 
dose.  Relevant  device  parameters  are  given  in  table  1 .  .At  high 
total  doses,  the  current  gain  exhibits  the  voltage  dependence 
predicted  by  equation  (6-A).  Since  D,  t,  and  Ax  are  difficult 
to  determine  analytically,  the  entire  prefactor  of  equation  (6- 
A)  must  be  determined  from  the  experimental  data.  Equation 
(l-A)  is  also  plotted  in  this  figure.  It  is  seen  that  when  deple¬ 
tion  region  recombination  is  neglected,  the  voltage  dependence 
of  the  current  gain  is  not  accounted  for.  This  means  that  the 
estimate  of  current  gain  does  not  bound  the  experimental  val¬ 
ues  at  low  base-emitter  voltages,  and  is  overly  pessimistic  at 
the  larger  base-emitter  voltages. 
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Saturation  of  the  Dose-Rate  Response  of  Bipolar  Transistors  Below  10  rad(Si02)/s; 

Implications  for  Hardness  Assurance 

R.  Nathan  Nowlin',  D.M.  Fleetwood^,  and  R.D.  Schrimpf^ 


A  bstract 

The  gain  degradation  of  modem  bipolar  transistors  was 
investigated  for  dose  rates  ranging  from  0.01  to  -2000 
rad(Si02)/s.  Five  different  radiation  sources  were  used  for  the 
exposures:  three  “Co  sources,  a  10-keV  x-ray  source,  and  a 
‘^’Cs  source.  The  ‘^’Cs  exposures  at  0.01  rad(Si02)/s  are  two 
orders  of  magnitude  lower  in  dose  rate  than  any  previous 
irradiations  for  this  process  and  thus  facilitate  comparison  to 
the  device  response  in  space.  Low-dose-rate  gain  degradation 
exceeds  high-dose -rate  degradation  for  total  doses  less  than 
1  MradCSiOj),  consistent  with  previous  reports.  For  the  first 
time,  the  gain  degradation  is  demonstrated  to  be  equivalent  for 
dose  rates  between  0.01  and  10  Tad(SiO^/s,  suggesting  that  the 
dose-rate  response  saturates  at  -10  rad(Si02)/s  for  the  devices 
studied  in  this  work.  On  the  basis  of  a  recent  model,  high- 
dose-rate  irradiations  at  60°C  were  performed  and  found  to  be 
consistent  with  the  room-temperature,  low-dose -rate,  saturated 
response  These  results  suggest  several  promising  new  ap¬ 
proaches  to  bipolar  space-qualification  testing. 

I  INTRODUCTION 

It  has  been  demonstrated  that  for  some  modem  bipolar 
transistors  high-dose-rate  irradiation  followed  by  room- 
temperature  or  elevated-temperature  annealing  cannot  estimate 
the  low-dose-rate  gain  degradation  [1,2].  Post-irradiation 
armealing  at  temperatures  of  60  to  250°C  reduced  the  magni¬ 
tude  of  the  excess  base  current  (surface  recombination  current 
in  the  base)  to  nearly  zero  [2].  On  the  other  hand,  it  has  been 
shown  that  the  magnitude  of  the  excess  base  current  is  greater 
in  devices  irradiated  at  low  dose  rates  (below  150  rad(Si02)/s) 
than  in  devices  irradiated  at  high  dose  rates  (above 
150  rad(Si02)/s)  [1-3].  In  reference  2,  the  excess  base  current 
measured  at  constant  bias  and  dose  was  shown  to  increase  at 
each  successively  lower  dose  rate  below  150  rad(Si02)/s  down 
to  1-10  rad(Si02)/s.  This  paper  presents  data  at  a  dose  rate 
two  orders  of  magnitude  below  any  previously  reported  for 
these  modem  bipolar  transistors.  The  dose-rate  dependence  of 
the  gain  degradation  saturates  below  10  rad(Si02)/s.  That  is, 
the  magnitude  of  the  degradation  at  0.01  rad(Si02)/s  is  nearly 
the  same  as  that  at  10  rad(Si02)/s.  Consequently,  characteriza¬ 
tion  at  10  rad(Si02)/s  provides  an  effective  estimate  of  the 
iower-dose-rate  response  in  these  devices.  Furthermore,  this 

^  Microelectronics  and  Photonics  Research  Branch,  The  USAF 
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Figure  1.  A  representative  cross-section  of  the  devices  studied  in  this 
work.  The  emitter  layout  dimensions  arc  1.5  ^m  x  1.5  pm.  The 
oxide  over  the  emitter-base  junction  is  545  nm  thick. 

paper  presents  data  on  bipolar  transistors  irradiated  at  high 
dose  rates  and  elevated  temperatures  simultaneously  in  a 
successful  attempt  to  simulate  the  low-dose-rate  response. 
These  data  support  a  recent  model  for  the  physical  mecha¬ 
nisms  responsible  for  the  dose-rate  effect  [4].  In  addition, 
overtesting  by  a  factor  of  3  in  total  dose  is  found  to  be  another 
way  to  conservatively  estimate  the  low-dose-rate  response  of 
these  devices. 

n.  Experiment 

A  dose  rate  of  0.01  rad(Si02)/s  was  achieved  in  a  20-Ci, 
J.L.  Shepherd  ^”Cs  source.  Dosimetry  was  performed  using 
CaFjiMn  thermoluminescent  dosimeters  with  short  exposure 
times  followed  by  long  fades  [5].  Using  this  procedure,  the 
dose  rates  in  four  different  radio-isotopic  sources  (the  Phillips 
Lab  cesium  source,  the  University  of  Arizona  cobalt  source, 
the  Naval  Surface  Warfare  Center-Crane  cobalt  source,  and  the 
Sandia  National  Labs  cobalt  source)  have  been  cross  calibrat¬ 
ed,  and  the  results  are  traceable  to  the  National  Institute  of 
Standards  and  Technology.  Dosimetry  for  the  10-keV  x-ray 
irradiations  was  performed  with  a  calibrated  PIN  diode  [6,7]. 
Results  from  each  of  these  sources  were  combined  to  deter¬ 
mine  the  dose-rate  dependence  of  the  gain  degradation  over 
the  dose-rate  range  of  0.01  to  1760  rad(Si02)/s. 

For  the  cesium  experiments,  sixteen  NPN  bipolar  transistors 
fabricated  in  a  single-poly,  silicon-on-insulator,  complementary 
bipolar  process  (see  Figure  1  and  reference  8)  were  irradiated. 
There  were  both  polysilicon  emitter  and  crystalline  emitter 
transistors  available.  This  paper  focuses  on  the  results  for  the 
crystalline  emitter  transistors.  Eight  of  these  transistors  were 
irradiated  with  all  terminals  grounded,  and  the  other  eight  were 
irradiated  while  biased  with  2  V  (reverse  bias)  on  the  emitters. 
The  devices  were  periodically  removed  from  the  source  in 
order  to  track  changes  in  the  device  parameters  as  the  total 
dose  increased.  The  dc  I-V  characteristics  were  measured  at 
each  level  of  total  dose  by  sweeping  the  base-emitter  voltage 
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(}\e)  0  to  1  V  and  monitoring  the  base  (7j)  and  collector 

(y  currents  using  an  HP4145  Semiconductor  Parameter 
Analyzer.  The  base  and  collector  terminals  were  grounded 
while  the  emitter  was  pulled  negative  during  the  characteriza¬ 
tion.  The  details  of  the  experiments  performed  in  the  other 
sources  have  been  described  previously  [1-3]  and  are  similar 
to  the  procedures  described  above. 

In  addition  to  the  above  experiments,  several  new  expo¬ 
sures  were  performed  in  this  work  using  Sandia's  ARACOR 
4100  semiconductor  irradiation  source  [4].  One  set  of  devices 
was  exposed  to  10-keV  x  rays  at  dose  rates  of  0.4,  1.67,  20, 
and  200  rad(Si02)/s  at  room  temperature  (4-8  transistors  per 
dose  rate).  Another  set  was  exposed  at  dose  rates  of  1.67,  20, 
and  200  rad(Si02)/s  as  they  were  heated  to  60°C  by  means  of 
a  resistive  strip  placed  under  the  delidded  package.  The 
temperature  was  measured  at  the  package  surface  with  a 
calibrated  Type-K  (chromel-alumel)  thermocouple.  After  the 
thermocouple  registered  a  temperature  of  60°C,  the  devices 
were  allowed  to  equilibrate  for  about  five  minutes  before  the 
irradiations  began.  Similarly,  they  were  allowed  to  cool  to 
room  temperature  before  the  post-irradiation  characterization 
was  performed.  The  cooling  was  done  in  two  stages.  The 
packages  were  allowed  to  cool  in  the  irradiation  test  fixture 
until  the  thermocouple  registered  about  40°C;  then  they  were 
placed  in  the  measurement  test  head  and  allowed  to  cool  for 
another  five  minutes.  It  was  confirmed  that  the  devices  were 
measured  while  at  room  temperature  by  noting  that  the  post¬ 
irradiation  collector  current  matched  the  pre-irradiation 
collector  current  [9].  (No  changes  to  the  collector  current 
were  observed  as  a  result  of  irradiation.  In  addition,  any 
residual  temperature  variations  are  normalized  out  of  the  data 
presented  here  by  normalizing  the  excess  base  current  to  the 
pre-irradiation  collector  current  [3].)  Once  cooled,  the  dc  I-V 
characteristics  were  measured  as  described  above.  The  devices 
were  irradiated  at  60°C  to  either  100  krad(Si02)  or 
300  kradCSiOj)  in  a  single  exposure. 

ni.  Results 

Figure  2  shows  the  dc  I-V  characteristics  for  devices 
irradiated  at  0.01  rad(Si02)/s  for  several  levels  of  total  dose  up 
to  125  krad(Si02).  Note  that  there  are  large  increases  in  the 
base  current  at  low  bias  levels  due  to  increased  surface 
recombination  current  at  the  base  surface.  An  increase  in  the 
midgap-level  interface -trap  density  in  the  low-field,  thick, 
.screen  oxide  over  the  p-type  base  (see  Figure  1)  increases  the 
recombination  current,  but  more  importantly  an  increase  in  the 
positive -oxide -charge  density  modulates  the  base  surface 
potential  to  even  more  strongly  increase  the  surface  recombi¬ 
nation  current  [10].  The  collector  current  remains  unchanged 
by  the  irradiations. 

Figure  3  shows  the  corresponding  gain  degradation  for 
devices  irradiated  at  0.01  rad(Si02)/s.  (The  dc  current  gain 
p  =  /j,  /  /^.)  Note  that  there  is  significant  degradation  at  levels 
well  below  100  krad(Si02)  at  this  dose  rate.  For  example, 
Figure  4  compares  the  gain  degradation  at  20  krad(Si02)  for 


Figure  2.  The  dc  I-V  characteristics  for  square  emitter  devices  for 
various  levels  of  total  dose  up  to  125  krad(Si02). 


Figure  3.  The  dc  current  gain  degradation  for  devices  irradiated  at 
0.01  rad(Si02)/s. 


Figure  4.  Gain  degradation  at  two  different  dose  rates  compared  at 
20  krad(Si02).  P^^  is  the  peak  pre-irradiation  current  gain. 
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Rgure  5.  Comparison  of  the  magnitude  of  the  excess  base  current 

with  increasing  dose  for  devices  irradiated  at  two  different  dose 

rates.  =  0.6  V. 

devices  irradiated  at  0.0 1  rad(Si02)/s  and  1760  rad(Si02)/s.  As 
measured  at  =  0.6  V,  the  gain  is  degraded  by  -50%  in  the 
low-dose-rate  case  (at  only  20  kradCSiOj)!),  but  it  is  only 
degraded  by  -25%  in  the  high-dose-rate  case.  It  should  be 
noted  that,  although  the  magnitude  of  the  damage  is  smaller 
for  higher  current  densities  (higher  a  wide  range  of 

current  densities  will  exist  for  the  various  transistors  in  a 
commercial  integrated  circuit.  Consequently,  the  greater  gain 
degradation  at  low  dose  rates  suggests  there  may  be  reliability 
concerns  for  space  applications  of  linear  bipolar  microcircuits 
as  discussed  in  section  IV. 

Figure  5  shows  the  increases  in  excess  base  current  with 
increasing  dose  for  the  device.,  irradiated  at  the  two  dose  rates 
indicated  in  Figure  4.  The  excess  base  current 
(Mg  =  Ig  po.t.r»d  ”  ho)  is  normalized  to  the  pre-irradiation  base 
current,  IgQ.  Therefore,  a  ratio  of  one  means  that  the  base 
current  has  doubled.  Note  that  the  base  current  has  doubled 
after  about  40  krad(Si02)  in  the  low-rate  case  and  after  about 
80  kradCSiOj)  in  the  high-rate  case.  Also  observe  that  at 
100  krad(Si02),  the  low-rate  degradation  is  about  three  times 
worse  than  the  high-rate  degradation.  Similarly,  the  degrada¬ 
tion  in  the  high-rate  case  at  a  dose  about  2-3  times  higher  than 
100  kradCSiOj)  is  comparable  to  that  at  100  kradCSiOj)  in  the 
low-rate  case.  These  observations,  which  will  be  made  more 
apparent  in  the  following  figures,  suggest  that  an  overtest  by 
a  factor  of  three  could  be  used  for  hardness  assurance  for  these 
devices,  as  discussed  below.  Finally,  the  divergence  of  the 
low-dose -rate  and  high-dose -rate  curves  above  10  kradCSiO^) 
appears  to  be  consistent  with  the  space-charge  effects  predict¬ 
ed  at  the  higher  dose  rates  in  the  model  of  reference  4. 

Figure  6  compares  the  magnitude  of  the  excess  base  current 
measured  at  100  kradCSiOj)  for  devices  irradiated  at  several 
dose  rates  ranging  from  0.0 1  rad(Si02)/s  (in  the  cesium  source) 
to  1760  rad(Si02)/s  (in  the  x-ray  s-  irce).  (Error  bars  indicate 
the  range  of  the  transistor-to-transistor  variations.)  As  previ¬ 
ously  reported  [2],  the  magnitude  of  the  total-dose-induced 
excess  base  current  is  independent  of  dose  rate  above 
150  rad(Si02)/s,  and  it  increases  below  150  rad(SiOj)/s.  This 


Figure  6.  Dose-rate  dependence  of  the  excess  base  current  for 
devices  irradiated  at  room  temperature.  The  line  is  a  guide  to  the 
eye. 


Figure  7.  Dose-rate  response  of  the  excess  base  current  after 
irradiation  to  100  kradCSiO^)  at  25‘’C  and  60‘’C.  Also  shown  is 
a  200  rad(Si02)/s.  300  krad(SiO:),  25*C  data  point  representing 
a  factor-of-3  overtest.  (See  also  reference  4.) 

is  the  first  time  gain-degradation  data  below  1  rad(Si02)/s  have 
been  reported  for  modem  bipolar  transistors.  Note  in  Figure  6 
that  the  degradation  at  0.01  T&d(SiOys  is  comparable  to  that 
at  10  rad(Si02)/s.  Furthermore,  the  degradation  at  the  low 
dose  rates  is  about  3-4  times  greater  than  that  at  the  high  dose 
rates.  Similar  results  have  been  seen  for  both  conventional- 
emitter  and  polysilicon-emitter  transistors  and  for  transistors 
irradiated  under  zero  and  reverse  bias.  Moreover,  these  results 
are  relatively  independent  of  irradiation  source  energy.  The 
“Co  results  closely  match  the  x-ray  results  at  high  and  low 
dose  rates  [2].  The  results  in  Figure  6  and  the  x-ray  to  “Co 
correlation  data  in  reference  2  indicate  that  the  differences  in 
charge  yield  for  the  different  energy  sources  do  not  play  a 
major  role  in  the  dose-rate  response. 

Finally,  Figure  7  shows  the  results  of  both  the  high- 
temperature  (60°C)  irradiations  and  a  room-temperature 
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300  kradCSiOj)  exposure  done  at  200  rad(Si02)/s  superimposed 
on  the  data  of  Figure  6  (without  the  **Co  data).  The 
300  kradCSiOj)  point  demonstrates  the  results  of  over-stressing 
the  devices  by  a  factor  of  three  at  high  dose  rates  and  room 
temperature.  Such  a  test  gives  a  conservative  estimate  of  the 
low-dose-rate  response  in  this  case.  Alternatively,  irradiation 
at  high  dose  rates  and  high  temperatures  also  simulates  the 
low-dose-rate  response,  as  predicted  by  a  recent  model  of 
enhanced  gain  degradation  at  low  dose  rates  [4],  If  the 
devices  are  irradiated  at  high  temperatures  and  intermediate 
dose  rates  (20  rad(Si02)/s),  the  low-dose-rate  response  is 
overestimated.  However,  as  one  goes  lower  in  dose  rate  at 
high  temperature,  annealing  and  charge-compensation  effects 
[2,4]  begin  to  dominate  the  response,  and  the  test  is 
nonconservative.  The  mechanisms  for  this  temperature  depen¬ 
dence  as  well  as  the  mechanisms  for  the  dose-rate  effect  are 
discussed  in  detail  in  reference  4, 

IV.  Implications  for  Hardness  Assurance 

There  are  several  significant  implications  for  hardness- 
assurance  testing  of  these  single-poly  bipolar  devices  that  can 
be  drawn  from  the  above  observations.  First  of  all,  since  the 
dose-rate  response  saturates  at  low  dose  rates,  it  is  not 
necessary  to  test  at  even  lower  dose  rates  to  determine  the 
response  of  these  devices  in  space  applications.  One  may  only 
have  to  test  at  dose  rates  around  10  T&d(SiO^/s  to  obtain  a 
worst-case  response  for  these  devices.  Moreover,  the  low- 
dose-rate  response  is  only  about  3-4  times  worse  than  the 
high-dose-rate  response  when  these  devices  are  exposed  to  100 
krad(Si02).  Therefore,  as  shown  in  Figure  7,  an  overtest  in 
dose  by  a  factor  of  3  can  allow  one  to  conservatively  estimate 
the  suitability  of  these  devices  for  space  applications  if  other 
circuit  elements  do  not  interfere  by  causing  earlier  failure.  As 
an  alternative  to  low-dose-rate  testing  or  overtesting,  one  may 
test  these  devices  at  dos.*  rates  within  the  range  specified  by 
MIL-STD-883D  Test  Method  1019.4  (50  to  300  rad(Si02)/s) 
if  the  devices  are  heated  in-situ  to  a  temperature  of  about 
60°C.  For  a  very  stringent  test,  an  intermediate-dose-rate 
(between  10  and  50  rad(Si02)/s),  high-temperature  combina¬ 
tion  may  be  used.  However,  one  should  be  careful  not  to 
lower  the  dose  rate  too  far  when  using  the  high-temperature 
test,  since  annealing  and  charge-compensation  effects  may 
dominate  the  dose -rate  response. 

Although  these  results  (particularly  the  specific  dose  rate 
and  the  relative  magnitude  at  which  the  response  saturates)  are 
specific  to  the  parts  studied  in  this  work,  similar  results  have 
been  observed  in  capacitors  and  transistors  of  four  to  five 
other  (similar)  technologies  [3,4],  In  addition,  several  types  of 
linear  integrated  circuits  (IC's)  fabricated  in  more  conventional 
technologies  have  demonstrated  earlier  failures  and  greater 
pararrietric  shifts  at  low  dose  rates  than  at  high  dose  rates  [11- 
13],  although  IC's  fabricated  in  the  technology  studied  in  this 
work  do  not  appear  to  show  this  same  dose -rate  dependence 
[14].  In  the  conventional-technology  IC's,  the  susceptible 
transistors  have  been  identified  as  either  substrate  PNP's  (used 


as  input  transistors  [14])  or  multiple-collector  lateral  PNPs 
[13].  Although  the  designs  of  these  PNP  transistors  differ 
significantly  from  the  transistors  studied  in  this  work,  the 
radiation-sensitive  features  are  similar.  The  common  feature 
which  has  been  shown  to  drive  the  dose-rate  response  [4]  is 
the  presence  of  a  low-field,  thick,  screen  oxide  over  a  lowly 
doped  p-type  base  diffusion  (see  Figure  1).  In  the  IC  s 
fabricated  in  the  technology  studied  here  [14],  there  are  no 
substrate  or  lateral  PNP  transistors,  since  this  is  a  complemen¬ 
tary  process  [8].  Moreover,  the  vertical  PNP  transistors  in  this 
process  have  been  demonstrated  to  have  superior  hardness  [3], 
since,  in  contrast  to  the  vertical  NPN's  and  the  substrate  and 
lateral  PNP's,  the  p-type  emitter  is  very  heavily  doped  (p^. 
Nevertheless,  the  physical  mechanisms  behind  the  radiation 
responses  of  all  these  devices  are  the  same.  This  suggests  that 
similar  approaches  to  space-radiation  hardness  assurance  may 
also  prove  effective  for  other  device  types  that  demonstrate 
this  dose -rate  behavior  due  to  the  presence  of  a  low-field, 
thick,. screen  oxide  over  a  lowly  doped  p-type  base  diffusion. 
Clearly,  however,  more  work  is  required  to  evaluate  the 
general  applicability  of  the  approaches  suggested  here. 

V.  Summary  and  Conclusions 

The  gain  degradation  in  modem  bipolar  transistors  has  been 
measured  at  a  dose  rate  of  0.01  rad(Si02)/s,  two  orders  of 
magnitude  lower  than  any  previously  reported  results  for  this 
class  of  devices.  The  magnitude  of  the  degradation  at  this  low 
dose  rate  indicates  potential  reliability  concerns  for  space 
applications  for  these  devices.  The  dose-rate  dependence  of 
the  gain  degradation  saturates  below  10  rad(Si02)/s.  This 
suggests  that  bipolar  hardness-assurance  testing  for  space 
applications  may  need  to  be  performed  at  dose  rates  below  the 
50  rad(Si02)/s  limit  specified  in  MIL-STD-883D  Test  Method 
1019.4.  Since  for  these  devices  the  degradation  at  0,01 
rad(Si02)/s  is  comparable  to  that  at  10  Tad{SiO^/s,  testing  at 
dose  rates  around  10  rad(SiOj)/s  would  provide  a  conservative 
estimate  of  the  device  response  at  lower  dose  rates.  Alterna¬ 
tively,  hardness-assurance  testing  at  dose  rates  within  the  range 
specified  in  Test  Method  1019.4  may  be  done  if  these  devices 
are  irradiated  at  moderately  elevated  temperatures  (-60°C)  or 
overtested  by  a  factor  of  3.  Finally,  the  results  of  the  high 
temperature  irradiations  support  the  application  of  a  new 
model  [4]  for  enhanced  hole  trapping  at  low  dose  rates  in  low- 
field,  thick  oxides  to  the  dose-rate  dependence  of  the  gain 
degradation  in  modem  bipolar  transistors.  These  results 
suggest  several  new  approaches  to  space-qualification  testing 
for  modem  bipolar  devices. 
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Abstract 

We  have  performed  capacitance-voltage  (C-V)  and 
thermally-stimulated-current  (TSC)  measurements  on 
non-radiation-hard  MOS  capacitors  simulating  screen 
oxides  of  modem  bipolar  technologies.  For  0-V  irra¬ 
diation  at  ~  25°C,  the  net  trapped-positive-charge  den¬ 
sity  (Nox)  inferred  from  midgap  C-V  shifts  is  ~  25-40% 
greater  for  low-dose-rate  (<  10  rad(Si02)/s)  than  for 
high-dose-rate  (>  100  rad(Si02)/s)  exposure.  Device 
modeling  shows  that  such  a  difference  in  screen-oxide 
Nox  is  enough  to  account  for  the  enhanced  low-rate  gain 
degradation  often  observed  in  bipolar  devices,  due  to  the 
~  exp(Nox^)  dependence  of  the  excess  base  current.  At 
the  higher  rates,  TSC  measurements  reveal  a  ~  10%  de¬ 
crease  in  trapped-hole  density  over  low  rates.  Also,  at 
high  rates,  up  to  ~  2.5-times  as  many  trapped  holes  are 
compensated  by  electrons  in  border  traps  than  at  low 
rates  for  these  devices  and  irradiation  conditions.  Both 
the  reduction  in  trapped-hole  density  and  increased 
charge  compensation  reduce  the  high-rate  midgap  shift. 
A  physical  model  is  developed  which  suggests  that  both 
effects  are  caused  by  time-dependent  space  charge  in 
the  bulk  of  these  soft  oxides  associated  with  slowly 
transporting  and/or  metastably  trapped  holes  (e.  g.,  in 
Eg  centers).  On  the  basis  of  this  model,  bipolar  transis¬ 
tors  and  screen-oxide  capacitors  were  irradiated  at  60  C 
at  200  rad(Si02)/s  in  a  successful  effort  to  match  low- 
rate  damage.  These  surprising  results  provide  insight 
into  enhanced  low-rate  bipolar  gain  degradation  and 
suggest  potentially  promising  new  approaches  to  bipolar 
and  BiCMOS  hardness  assurance  for  space  applications. 

1.  Introduction 

In  1991  Enlow  and  co-workers  [1]  found  that  some 
types  of  bipolar  devices  show  greater  gain  degradation 
after  low-dose-rate  irradiation  at  low  electric  fields  than 
after  higher-rate  irradiation.  Moreover,  they  found  that 
higher-rate  irradiation  followed  by  room-temperature  or 
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high-temperature  annealing  could  not  simulate  the  low- 
dose-rate  response  of  these  bipolar  devices  [1].  These 
results  have  been  confirmed  and  extended  for  several 
device  types  by  Nowlin  et  al.  [2,3]  and  Wei  et  al  [4]. 
This  enhanced  bipolar  gain  degradation  at  low  dose 
rates  appears  not  to  be  caused  primarily  by  interface- 
trap  buildup.  Instead,  it  appears  to  be  due  to  an  increase 
in  net  positive  charge  in  the  screen  (also  called  the 
“spacer”  or  “sacrificial”)  oxide  that  overlies  the  emitter- 
base  junction  [4].  This  result  is  very  surprising,  because 
MOS  devices  typically  show  reduced  net  positive 
charge  at  low  dose  rates  due  to  trapped-hole  neutraliza¬ 
tion  and/or  enhanced  interface-trap  buildup  [5].  Moreo¬ 
ver,  under  constant  temperature  and  electric  field  condi¬ 
tions,  it  has  been  shown  for  several  types  of  MOS  de¬ 
vices  (though  mostly  at  electric  fields  greater  than  -  1 
MV/cm)  that  high-dose-rate  irradiation  and  room- 
temperature  annealing  can  accurately  predict  MOS  low- 
dose-rate  response  [6,7].  Indeed,  this  is  one  of  the 
principles  that  underlies  MIL-STD  883 D,  Test  Method 
1019.4  and  other  radiation  hardness  assurance  test 
methods  [8].  That  bipolar  devices  show  different  dose- 
rate  and  annealing  responses  than  MOS  devices  compli¬ 
cates  the  development  of  cost-effective  hardness  assur¬ 
ance  programs  for  space  electronics.  This  issue  is  be¬ 
coming  more  pressing  in  view  of  even  more  recent  re¬ 
ports  [9-11]  of  a  growing  number  of  bipolar  microcir¬ 
cuits  of  different  types  from  a  variety  of  manufacturers 
showing  lower-dose  failure  at  low  dose  rates. 

In  this  work,  we  have  performed  thermally- 
stimulated-current  (TSC)  and  capacitance-voltage  (C-V) 
measurements  to  evaluate  fundamental  charge  trapping 
mechanisms  of  capacitors  with  oxides  fabricated  to 
simulate  bipolar  screen  oxides  as  closely  as  possible.  A 
cross-section  typical  of  modem  dielectrically  isolated 
bipolar  technologies  is  shown  in  Fig.  1  [12-14].  The 
screen  oxide  overlies  the  base-emitter  junction.  In  a 
radiation  environment,  it  is  a  particular  problem  because 
the  buildup  of  positive  oxide  charge  can  greatly  enhance 
the  surface  recombination  rate  in  the  p-  base  region  of 
NPN  transistors.  We  note  that  a  similar  structure  can 
occur  in  some  types  of  lateral  or  substrate  PNP  transis¬ 
tors  from  other  (especially  older  commercial)  technolo¬ 
gies,  except  that  the  vulnerable  p-  region  lies  in  the 
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emitter.  Thus,  not  only  do  the  results  of  this  study  apply 
to  the  NPN  transistors  considered  here,  but  they  may 
also  contribute  to  similar  dose  rate  effects  observed  re¬ 
cently  in  lateral  and  substrate  PNP  devices  [9,1 1]. 


□  Oxide  H  Metal  ^  Polysilicon 


Fig.  1.  Cross-section  of  bipolar  devices  built  in  ADI’s  XFCB  proc¬ 
ess.  The  oxide  above  the  emitter-base  junction  is  ~  545  nm  (Refs. 
[12,13]).  RBCMOS  devices  have  similar  cross-sections  but  ^  54  nm 
oxides  above  the  emitter-base  junction  (Ref.  [14]). 

Examining  Fig.  1,  we  recognize  that  we  may  be 
limited  in  our  ability  to  simulate  screen-oxide  response 
because  capacitors  have  uniform  electric  fields  (at  least 
before  the  buildup  of  significant  radiation-induced 
trapped  charge);  whereas,  in  actual  device  applications, 
fringing  fields  at  the  base-emitter  junction  often  lead  to 
non-uniform  electric  fields  in  the  screen  oxides  [1-4,13]. 
Nevertheless,  in  this  paper  we  will  attempt  to  answer  the 
following  questions: 

•  Do  MOS  capacitors  fabricated  similarly  to  bipolar 
screen  oxides  show  enhanced  charge  buildup  at  low 
dose  rates,  or  is  this  response  unique  to  bipolar 
screen  oxides  in  real  devices? 

•  Is  this  mechanism  unique  to  (soft)  bipolar  screen 
oxides  subjected  to  low-field  irradiation,  or  will 
these  oxides  show  similar  effects  after  high-field 
exposure,  and/or  will  other  soft  or  radiation- 
hardened  MOS  oxides  show  a  similar  response? 

•  What  is  the  mechanism  for  enhanced  hole  trapping 
at  low  dose  rates,  and  what  can  be  done  about  it? 

In  considering  these  issues,  we  compare  screen-oxide 
TSC  and  C-V  results  with  bipolar  device  modeling. 
Based  on  experimental  results,  we  develop  a  physical 
model  of  the  trapped-charge  buildup  and  neutralization 
processes  that  evidently  cause  enhanced  bipolar  low- 
dose-rate  gain  degradation.  We  use  this  model  to  obtain 
additional  insight  into  screen-oxide  capacitor  and  tran¬ 
sistor  response,  and  (on  the  basis  of  a  model  prediction) 
compare  60°C  irradiation  at  high  rates  to  capacitor  and 
transistor  room-temperature  low-rate  response.  Impli¬ 
cations  for  screen-oxide  hardening  and  hardness  assur¬ 
ance  testing  for  space  applications  are  discussed. 


II.  Devices  and  Hardening 

Three  types  of  capacitors  were  evaluated  in  this 
study.  Most  notable  are  p-substrate  capacitors  with  a 
final  surface  doping  of  ~  8  x  10‘’  cm'\  having  -  54  nm 
wet  oxides  grown  at  900°C.  These  were  fabricated  at 
Analog  Devices,  Inc.  (ADI)  to  simulate  RBCMOS 
(Radiation-hardened  Bipolar  CMOS)  screen  oxides. 
Before  gate  metallization,  oxides  were  subjected  to  ion 
implantations  simulating  (a)  a  threshold-voltage  implant 
(30-keV  B  to  a  dose  of  2  x  10“  cm'\  and  (b)  base¬ 
doping  implants  (40-keV  B  to  1.5  x  10‘^  cm'^  and  1 15- 
keV  B  to  1.5  X  lO'^  cm  ^).  After  these  implants,  the 
oxides  received  a  30-min,  1000°C  N2  anneal  to  simulate 
emitter  drive-in.  These  implantation  [15-17]  and  anneal 
[17-20]  steps  degrade  oxide  hardness  significantly  due 
to  the  formation  of  oxygen  vacancies  and  vacancy 
complexes  that  serve  as  hole  traps  in  SiOj  [20-24].  It  is 
possible  that  B  contamination  may  further  degrade 
screen  oxide  hardness  [11],  though  previous  work  sug¬ 
gests  it  may  be  equally  likely  that  implant-induced  dis¬ 
placement  damage  is  the  primary  culprit  [17,25].  At  an 
electric  field  of  ~  1  MV/cm,  the  radiation-induced-hole 
trapping  efficiency  (fj,)  inferred  from  TSC  measure¬ 
ments  on  these  devices  [26]  is  essentially  1.0.  Thus, 
virtually  every  hole  escaping  initial  electron-hole  re¬ 
combination  is  subsequently  trapped,  confirming  that 
these  screen  oxides  are  indeed  very  soft.  In  purely  MOS 
devices  and  ICs,  oxide  electric  fields  are  much  higher. 
Thus,  similar  oxides  would  cause  circuit  failure  due  to 
gate  or  field  oxide  leakage  [5,7]  at  doses  much  less  than 
where  failure  may  occur  due  to  gain  degradation  in  typi¬ 
cal  bipolar  applications  [1-4,13]. 

MOS  capacitors  were  also  fabricated  at  Sandia  Na¬ 
tional  Laboratories  (SNL).  One  set  of  capacitors  was 
processed  in  SNL’s  radiation-hardened  Mod-B  process 
with  a  45-nm  dry  oxide  grown  at  1000°C  with  4  =  0.05 
[26].  The  other  had  a  radiation-hardened  44-nm  dry 
oxide  grown  at  950°C  that  was  intentionally  softened 
[17-19,24]  with  a  30-min,  1000°C  Nt  anneal  (but  no  ion 
implantation);  for  it,  4  =  0.17.  This  trapping  efficiency 
is  more  than  3-times  greater  than  that  of  the  hard  oxide, 
confirming  the  reduction  in  hardness  expected  for  high- 
temperature  annealing  [20-24].  But  it  is  ~  6-times  less 
than  the  trapping  efficiency  of  the  implanted  ADI  ox¬ 
ides,  showing  the  importance  of  the  implants  in  degrad¬ 
ing  screen-oxide  hardness  [15-17].  If  possible  to  do  so 
without  impacting  device  and  IC  performance  and  yield, 
minimizing  implant  damage  to  the  screen  oxide  and  re¬ 
ducing  the  thermal  budget  of  the  emitter  drive-in  (as 
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well  as  thinning  the  screen  oxide  as  much  as  possible 
[18])  would  improve  the  radiation  tolerance  of  this  and 
similar  processes.  While  it  is  outside  the  scope  of  this 
paper  to  discuss  screen-oxide  hardening  further,  this 
clearly  is  an  area  for  future  study. 

For  comparison  with  capacitors,  we  also  measured 
the  gain  degradation  of.  bipolar  transistors  from  ADI’s 
RBCMOS  and  XFCB  processes.  Unfortunately,  all  ca¬ 
pacitor  data  we  have  is  for  devices  most  closely  simulat¬ 
ing  the  RBCMOS  process,  which  has  a  screen  oxide 
thickness  of  ~  54  nm.  On  the  other  hand,  most  of  the 
transistor  dose-rate  data  we  have  is  for  XFCB  devices 
that  have  ~  545  nm  oxides  above  the  emitter-base  junc¬ 
tion.  Still,  the  bipolar  portions  of  the  two  device  cross 
sections  are  similar  (but  not  identical  [12-14]).  So  the 
common  trends  observed  below  in  dose-rate  response  of 
RBCMOS  capacitors  and  XFCB  transistors  suggest  that, 
while  the  gain  degradation  varies  for  the  two  processes 
[1-4],  the  mechanisms  that  lead  to  enhanced  low-rate 
gain  degradation  in  the  two  cases  are  quite  similar. 

ITT.  Experimental  Details 

Irradiations  were  performed  at  room  temperature  or 
(in  a  few  cases)  at  60‘’C  with  a  10-keV  ARACOR  x-ray 
irradiator.  This  system  is  equipped  with  a  Nicolet  XRD 
power  supply  that  enables  exposure  at  rates  ranging 
from  greater  than  1000  rad(Si02)/s  to  less  than  1 
rad(Si02)/s.  Dosimetry  was  performed  with  a  calibrated 
PIN  diode  [27,28].  For  60°C  irradiations,  a  simple  re¬ 
sistive  strip  heated  the  device.  The  temperature  was 
measured  at  the  package  or  capacitor-mounting  surface 
with  a  calibrated  Type-K  (chromel-alumel)  thermocou¬ 
ple.  All  capacitor  C-V  and  bipolar  I-V  measurements 
were  performed  at  room  temperature;  this  was  closely 
monitored  for  the  bipolar  Gummel  plots  to  ensure  tem¬ 
perature  variations  did  not  mask  (or  mimic)  dose  rate 
effects  [29].  Dose  rate  effects  similar  to  those  observed 
for  x-ray  irradiation  in  this  study  have  also  been  re¬ 
ported  for  Co-60  and  Cs-137  irradiation  [1-4,30]. 

Capacitors  were  mounted  for  TSC  measurements  as 
described  in  Refs.  [31,32].  All  TSC  runs  involved 
heating  capacitors  from  ~  20°C  to  ~  350°C  in  ~  1  h,  the 
TSC  bias  was  large  enough  in  all  cases  showm  to  avoid 
space-charge  and  capacitance-change  effects  [31,32]. 
Standard  high-frequency  (1  MHz)  C-V  measurements 
[33]  were  combined  with  TSC  measurements  (for  nega¬ 
tive  bias  TSC)  to  estimate  the  density  of  trapped  holes 
and  electrons  near  the  Si/Si02  interface,  via: 


Qcv  =  *ACox  AVmg 

(1) 

Qh  =  i  ItSC  tit 

(2) 

Qe  =  Qh  *  Qcv  ) 

(3) 

where  Qcv  is  defined  as  the  net  “C-V”  charge,  A  is  the 
capacitor  area,  Cqx  is  the  oxide  capacitance  per  unit 
area,  AV^g  is  the  radiation-induced  midgap-voltage 
shift,  Qh  is  the  radiation- induced  trapped-hole  charge 
measured  via  TSC,  Ijsc  is  the  TSC  corrected  for  back¬ 
ground  and  parasitic  leakage  sources  [31],  and  Qe  is  the 
trapped-electron  charge  near  the  Si/Si02  interface 
[26,32].  Values  of  AVn,g  were  estimated  from  high- 
frequency  C-V  curves  swept  from  accumulation 
(negative  bias)  to  inversion  (positive  bias)  at  0.5  V/s  for 
the  p-substrate  ADI  capacitors,  as  commonly  done  in 
the  literature  [24,33].  Irradiated  devices  often  exhibited 
C-V  hysteresis  due  to  slow  border  traps  [24,34-36],  as 
discussed  below.  Therefore,  C-V  sweeps  on  n-substrate 
SNL  devices  were  performed  at  0.5  V/s  from  inversion 
(negative  bias)  to  accumulation  (positive  bias)  to  facili¬ 
tate  comparison  with  ADI  capacitors.  So,  for  all  device 
types  in  this  study,  border-trap  occupancy  during  C-V 
sweeps  should  be  similar  [36],  minimizing  difficulties  in 
estimating  the  relative  numbers  of  bulk-oxide  and  bor¬ 
der  traps  on  the  capacitor  response.  We  emphasize  that 
C-V  hysteresis  was  not  observed  in  these  devices  before 
irradiation.  Moreover,  a  full  TSC  cycle  (ramping  from 
~  20°C  to  350°C)  removed  all  measurable  hysteresis. 
Thus,  TSC  measurement  removed  (or  at  least  rendered 
electrically  inactive)  all  oxide-,  interface-,  and  border- 
trap  charge  in  these  devices.  Finally,  general  trends  in 
capacitor  response  with  dose  rate,  annealing  time,  etc., 
did  not  depend  upon  the  direction  in  which  C-V  curves 
were  swept;  reliable  data  interpretation  only  required 
measurements  and  analyses  be  consistent. 

rV.  Dependence  on  No, 

In  Fig.  2  we  show  AV^g  as  a  function  of  dose  rate 
for  0-V  irradiation  of  bipolar  screen-oxide  capacitors 
with  ~  54  nm  oxides  [3].  At  the  lower  rates,  the  magni¬ 
tude  of  AVnig  is  larger  than  at  higher  rates.  Because  we 
expect  the  value  of  AVmg  to  be  proportional  to  the  net 
trapped-positive-charge  density  (Nox)  in  the  bulk  of  the 
oxide  [21,32,33],  Fig.  2  indicates  that  Nox 's  greater  in 
these  oxides  after  low-dose-rate  irradiation  than  high- 
rate  irradiation.  Hence,  even  though  we  cannot  tully 
simulate  the  detailed  electric  fields  of  bipolar  screen 
oxides  in  device  use,  the  dependence  of  Nox  on  dose  rate 
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in  these  capacitors  is  similar  in  form  (magnitudes  are 
discussed  below)  to  the  dependence  of  bipolar  gain  deg¬ 
radation  on  dose  rate  observed  in  many  types  of  devices 
[1-4],  Because  of  the  large  doping  densities  of  the  p- 
substrate  capacitors  used  for  these  screen  oxides,  it  was 
difficult  to  estimate  interface-trap  densities  using  C-V 
stretchout  or  Terman  analysis  between  midgap  and  in¬ 
version  (the  range  of  the  band  gap  of  most  interest  for 
relating  p-substrate  capacitor  response  to  transistor  re¬ 
sponse  [33]),  and  midgap-to-flatband  C-V  stretchout 
was  small  compared  to  AV^g.  No  consistent  trend  in 
inferred  interface-trap  densities  could  be  observed  for 
these  devices  to  within  ±  25%. 


Fig.  2.  vs.  dose  rate  for  0-V  10-keV  x-ray  irradiation  of  bipo¬ 
lar  screen-oxide  capacitors  with  non-radiation-hardened  oxides. 
Capacitors  were  irradiated  to  300  lcrad(Si02). 


The  data  of  Fig.  2  contrast  starkly  with  what  is 
commonly  reported  for  MOS  devices;  that  is,  AV^g  al¬ 
most  universally  decreases  in  magnitude  with  decreas¬ 
ing  dose  rate  in  studies  of  MOS  devices  (typically  at 
positive  bias)  [5-8,37].  However,  to  our  knowledge,  the 
data  of  Fig.  2  represent  the  first  extensive  study  of  the 
dependence  of  AV^g  on  dose  rate  for  0-V  irradiation  of 
oxides  having  such  large  hole-trapping  efficiencies. 
Thus,  while  surprising,  these  data  do  not  contradict 
previous  experience  on  similar  devices.  Possible  rea¬ 
sons  for  this  response  are  discussed  below. 

With  Fig.  3  we  first  address  the  practical  issue  of 
whether  the  25-40%  difference  in  C-V  midgap  shifts 
and  thus  in  inferred  postirradiation  No*  (=  ANq*)  is 
enough  to  cause  the  large  enhancement  in  bipolar  gain 
degradation  often  observed  at  low  dose  rates  [1 -4,9-1 1]. 
The  results  of  Fig.  3  are  for  XFCB  devices,  which  have 
thicker  oxides  overlying  the  emitter-base  junction  than 
the  RBCMOS  process,  which  the  capacitors  of  Fig.  2 
more  closely  simulate.  However,  it  is  still  useful  for 
discussing  the  general  relationship  between  No*  and  the 
excess  base  current  (Alb)  of  bipolar  junction  transistors 


(BJTs).  This  should  be  valid  not  only  for  these  NTN 
processes,  but  also  for  NPNs  in  many  other  modem  bi¬ 
polar/BiCMOS  technologies  [13]  (and  may  also  apply  in 
modified  form  to  lateral  and  substrate  PNPs  in  older 
commercial  technologies  [9,1 1]).  The  Alb  data  in  Fig.  3 
are  extracted  at  a  base-emitter  voltage  (Vgg)  of  0.6  V 
from  Gummel  plots  for  1.5  pm  x  1.5  pm  poly-Si  emitter 
BJTs  [4,38,39].  Similar  trends  are  observed  for  crystal¬ 
line  emitters  and  other  values  of  Vbe-  The  Nqx  data  on 
the  x-axis  of  Fig.  3  are  extracted  from  Gummel  plots 
using  the  BJT  charge  separation  method  of  Kosier  et  al 
[13].  Also  shown  are  PISCES  simulations  for  these  de¬ 
vice  structures  and  charge  densities  [4,38,39].  Up  to 
Nox  values  above  ~  10*^  cm'^  in  Fig.  3,  it  is  clear  from 
both  the  charge  separation  data  and  the  PISCES  simula¬ 
tions  that  Alb  depends  strongly  on  Nox.  Above  ~  2  x 
lO’^  cm'^  in  Fig.  3,  corresponding  to  a  total  dose  of  ~  3 
Mrad(Si02)  here  [4,38],  the  dependence  saturates.  Rea¬ 
sons  for  this  saturation  are  discussed  by  Kosier  et  al. 
[38,39],  and  are  quite  important  to  understanding  and 
predicting  BJT  response  at  high  doses,  but  do  not  apply 
to  the  lower-dose  response  in  Fig.  3. 


Fig.  3.  Excess  base  current  as  a  function  of  net  oxide  charge  density 
inferred  for  ADI  XFCB  transistors  irradiated  at  varying  Co-60  dose 
rates  using  the  charge  separation  technique  of  Kosier  et  al.  and 
PISCES  simulations  (Refs.  [12,35,36]).  The  maximum  dose  for  the 
experimental  data  is  5  Mrad(Si02).  (After  Ref.  [4].) 

The  important  aspect  of  Fig.  3  here  is  the  strong 
[Alb  ~  cxp(Nox^)]  dependence  of  excess  base  current  on 
net  trapped-positive-charge  density.  Due  to  the  much 
smaller  radiation-induced  changes  in  the  collector  cur¬ 
rent,  Ic  [1-4,13,40],  the  gain  degradation,  lc/(lb  +  Alb), 
where  4  is  the  pre-irradiation  base  current,  shares  this 
dependence.  In  the  region  of  the  curve  showing  the  - 
exp(Nox^)  dependence,  for  example,  a  ~  40%  increase  in 
Nox  can  cause  a  ~  2.5-times  increase  in  Alb.  (For  more 
details  on  the  data  and  modeling  of  Fig.  3,  please  see 
Refs.  [4,13,38-40].)  Thus,  Fig.  3  confirms  that  the  in- 
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crease  in  Nqx  at  low  rates  illustrated  in  Fig.  2  can  indeed 
be  great  enough  to  cause  the  large  enhancement  in  bipo¬ 
lar  gain  degradation  often  observed  at  low  dose  rates. 

V.  TSC/C-V  Results 

A.  /tni SrrPP.n  ^  ^ Irradiation. 

To  try  to  understand  what  causes  the  behavior  ob¬ 
served  in  the  capacitors  of  Fig.  2  and,  by  extension,  the 
BJTs  in  Fig.  3,  we  performed  TSC  measurements  on  the 
ADI  screen-oxide  capacitors  in  tandem  with  the  C-V 
measurements  of  Fig.  2.  Figure  4  shows  TSC  measure¬ 
ments  for  three  devices.  One  was  irradiated  at  a  rate  of 
~  4.6  rad(Si02)/s,  another  at  ~  1000  rad(Si02)/s,  and  the 
third  was  irradiated  at  ~  1000  rad(Si02)/s  and  annealed 
at  0  V  for  17  h  at  25°C  in  an  (unsuccessful)  effort  to 
simulate  the  low-rate  response  [5-7].  These  results  are 
typical  of  other  TSC  runs  on  these  devices  after  high- 
and  low-rate  0-V  irradiation,  and/or  0-V  annealing. 
Note  that  the  highest  TSC  peak  is  that  of  the  low-rate 
irradiation.  Moreover,  high-rate  irradiation  and  17-h,  0- 
V  anneal  leads  to  a  very  different  trapped-hole  distribu¬ 
tion  in  energy  than  the  low-rate  irradiation.  Indeed,  the 
trapped-hole  energy  distribution  appears  to  have 
“spread”  about  the  peak  value  during  the  anneal,  indicat¬ 
ing  a  possible  redistribution  of  trapped  holes  during 
room-temperature  anneal.  The  integrated  TSC  charge 
(Qh)  values  in  the  low-rate,  high-rate,  and  high-rate  plus 
anneal  cases  from  Eq.  (2)  are  1190,  1060,  and  940  pC; 
respective  trapped-electron  densities  (Qe)  from  Eq.  (3) 
are  65,  170,  and  180  pC.  From  C-V  measurements,  the 
respective  midgap  voltage  shifts  are  -5.5  V,  -4.4  V,  and 
-3.8  V.  From  these  results  we  infer  (converting  total 
charges  to  number  densities)  that,  for  the  4.6  rad(Si02)/s 
data,  ANh  =  2.3  x  lO'^  cm'^  and  ANj  =  1.3  x  JO  cm  . 
For  the  1000  rad(Si02)/s  data,  ANh  =  2.1  x  10  cm  and 
ANe  =  3.3  X  10*'  cm'^  Finally,  for  the  high-rate  plus 
anneal  data,  ANh  =  1.85  x  10*^  cm'*^  and  AN*  =  3.4  x 
10“  cm'^  *  (A  table  of  values  for  Figs.  4-8  is  provided 
for  reference  in  the  Appendix.)  Thus,  ~  10%  more  holes 
are  trapped  in  these  oxides  during  0-V  irradiation  at  low 


‘  That  values  of  AN^  lie  in  the  saturation  regime  of  the  BJT  curves  in 
Fig.  3  should  not  be  taken  too  seriously  because  (a)  trapped-electron 
and  interface-trap  densities  partially  offset  trapped-hole  densities  in 
the  calculation  of  “N„”  in  the  charge  separation  method  of  Rosier  et 
ai  (Ref  [13])  and  (b)  the  relative  dependence  of  Al,,  on  is  better 
defined  in  the’ device  modeling  that  leads  to  the  results  of  Fig.  3  thM 
is  the  absolute  calibration  of  the  scale  on  the  x-axis  (Refe 
[13,39]).  What  is  more  significant  is  that  the  total  dose  of  300 
kradCSiOj)  to  which  the  capacitors  were  irradiated  is  well  below  the 
doses  at  which  BJT  response  is  observed  to  saturate  (Refs.  [4,39]). 


rates  than  at  higher  rates,  and  room-temperature  anneal¬ 
ing  after  high-rate  irradiation  only  reduces  the  number 
of  trapped  holes.  Also,  2.5-times  more  holes  are  com¬ 
pensated  by  trapped  electrons  for  high-rate  irradiation, 
with  or  without  annealing,  than  for  low-rate  irradiation. 
In  support  of  this  point,  more  C-V  hysteresis  at  midgap 
is  observed  after  high-rate  irradiation  (-1.1  V,  or  25%  of 
the  midgap  shift)  than  after  low-rate  irradiation  (-0.9  V, 
or  16%  of  the  midgap  shift).  This  also  is  consistent  with 
the  association  of  at  least  some  trapped  electrons  with 
border  traps  [26,35,36].  The  additional  holes  in  the  ox¬ 
ide  at  low  rates  and  the  additional  trapped-hole  compen¬ 
sation  at  high  rates  combine  to  provide  the  ~  25%  in¬ 
crease  in  magnitude  of  AV^ig  for  the  low-rate  case. 


Fig.  4.  TSC  vs.  dose  rate  and/or  annealing  time  for  bipolar  screen- 
oxide  capacitors  with  -  54  nm  oxides  irradiated  to  300  krad(SiO,) 
with  10-keV  x  rays  at  0  V  bias. 


B.  So  ft  SNL  Capacitors:  0  V  Irradiation. 

Figure  5  shows  TSC  after  0  V  irradiation  for  SNL 
capacitors  with  44  nm  oxides  that  received  a  1000°C,  30 
min  N2  anneal,  but  no  ion  implant  damage.  Again,  the 
highest  peak  is  for  devices  irradiated  at  low  rate  (here 
3 1.7  rad(Si02)/s),  and  the  TSC  after  irradiation  and  17-h 
annealing  does  not  match  the  low-rate  TSC.  From  Eqs. 
(l)-(3),  (a)  Qh  =  5240  pC  and  Qe  =  3800  pC  for  the  31.7 
rad/s  case;  (b)  Qh  =  5000  pC  and  Qe  =  3180  pC  for  the 
2000  rad/s  case;  and  (c)  Qh  =  4450  pC  and  Qe  =  3700  pC 
for  the  high-rate  plus  anneal  case.  These  combine  to 
give  midgap  shifts  of-1.36  V,  -1.75  V,  and  -0.76  V  in 
the  three  cases,  respectively.  The  midgap  C-V  hystere¬ 
sis  was  -  1 .2  V  for  the  high-  and  low-rate  exposures, 
suggesting  similar  slow  border-trap  densities  in  these 
cases.  The  hysteresis  was  ~  0.75  V  for  the  high-rate 
plus  anneal  case,  indicating  fewer  slow  border  traps. 

That  the  midgap  shift  in  the  low-rate  case  for  these 
oxides  is  intermediate  between  higher-rate  and  high-rate 
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Fig.  5.  TSC  vs.  dose  rate  and/or  annealing  time  for  SNL  capacitors 
with  45-nm  oxides  that  received  a  1000°C,  30  min  Nj  anneal  after 
gate  oxidation,  but  were  not  implanted  through.  X-ray  irradiation 
and  anneal  biases  were  0  V. 

plus  annealing  cases  occurs  for  the  following  reasons. 
While  the  low-rate  enhancement  of  hole  trapping  ob¬ 
served  in  Fig.  4  for  the  (even  softer)  ADI  capacitors  is 
also  observed  for  these  devices,  processing  differences 
evidently  have  led  to  differences  in  trapped-hole  distri¬ 
butions  near  the  Si/SiO:  interface  and  consequently  in 
the  trapped-hole  compensation  rates  of  the  ADI  and  soft 
SNL  capacitors  [41,42].  The  dramatic  differences  in 
trapped-hole  compensation  between  high-  and  low-rate 
irradiation  observed  for  the  ADI  capacitors  in  Fig.  4  are 
not  observed  in  Fig.  5.  Instead,  for  the  soft  SNL  capaci¬ 
tors,  more  compensating  electrons  are  found  following 
low-rate  irradiation  or  high-rate  irradiation  plus  long¬ 
term  annealing  than  after  high-rate  irradiation.  This  can 
easily  be  explained  via  standard  models  of  electrons 
tunneling  into  compensating  trap  sites  in  the  oxide  as  a 
function  of  time  [37,41,42].  So,  though  these  capacitors 
do  not  show  the  midgap  shift  increases  at  low  rates  that 
the  softer  ADI  capacitors  do,  it  is  noteworthy  that  high- 
rate  irradiation  and  room-temperature  annealing  cannot 
simulate  low-rate  response  for  these  devices. 

C.  Hard  SNL  Capacitors:  0  V  Irradiation- 

Moving  another  step  forward  on  the  hardness  scale, 
in  Fig.  6  we  show  TSC  curves  for  high-  and  low-rate  0- 
V  irradiation  of  SNL  capacitors  with  hardened  oxides. 
Now  the  high-rate  case  has  the  higher  TSC  at  both  low 
temperatures  (energies)  and  at  the  TSC  peak.  From  Eqs. 
(l)-(3)  we  find  (a)  Qh  =  3240  pC  and  Q*  =  2240  pC  in 
the  1000  rad/s  case,  and  (b)  Qh  =  3000  pC  and  Qe  = 
2660  pC  in  the  4.4  rad/s  case,  leading  to  midgap  shifts 
of  -1.5  V  and  -0.5  V  in  the  two  cases,  respectively. 
Though  not  shown  in  the  figure  for  clarity,  irradiation  at 
high-rate  and  0-V  annealing  at  25°C  for  equivalent 


times  gives  a  response  indistinguishable  (to  within  less 
than  ~  5%  experimental  uncertainty  in  TSC  curves) 
from  the  low-rate  case.  This  response  is  exactly  in  line 
with  expectations  from  previous  MOS  irradiation  and 
annealing  response  studies  [6-8],  as  discussed  below. 


Fig.  6.  TSC  vs.  dose  rate  for  MOS  capacitors  with  -  45-nm  rad-hard 
oxides  irradiated  to  1.8  MradlSiO^)  with  lO-keV  x  rays  at  0  V  bias. 

D.  Implications  of  0-V  Irradiations. 

The  results  of  Figs.  4-6  suggest  that  fabricating 
screen  oxides  having  the  hardness  of  the  capacitors  of 
Fig.  6  (~  5%  hole  trapping  efficiency,  as  compared  to 
nearly  100%  for  the  ADI  capacitors  of  Fig.  4),  which 
may  not  be  possible  given  processing  constraints 
[12,14],  would  have  two  beneficial  effects.  First,  it 
would  improve  bipolar/BiCMOS  device  hardness  due  to 
a  reduction  in  screen-oxide  trapped  charge.  Second, 
Fig.  4-6  suggest  that,  as  one  reduces  the  screen-oxide 
trapping  efficiency,  one  is  also  likely  to  reduce  testing 
difficulties  associated  with  predicting  low-rate  gain  deg¬ 
radation  from  high-rate  irradiation  and  annealing. 

E.  ADI  Capacitors:  +6  V  Irradiation. 

In  Fig.  7  we  show  TSC  for  high-  and  low-rate  irra¬ 
diation  of  the  ADI  bipolar  screen-oxide  capacitors  ex¬ 
posed  to  50  krad(Si02)  at  +6  V  bias  (electric  field  >  1 
MV/cm).  Because  of  the  reduced  dose  level,  a  smaller 
TSC  bias  of  -10  V  could  be  employed  than  in  Fig.  4 
without  facing  space  charge  problems  during  TSC 
measurement  [31,32].  From  Eqs.  (l)-(3),  we  find  (a)  Qh 
=  890  pC  and  Qe  =  135  pC  for  the  417  rad/s  case,  and 
(b)  Qh  =  680  pC  and  Qe  =  125  pC  for  the  0.83  rad/s 
case,  leading  to  midgap  shifts  of  -3.8  V  and  -2.8  V  in 
the  two  cases,  respectively.  In  contrast  to  the  0-V  data 
of  Fig.  4,  more  holes  remain  here  after  the  high-rate  ir¬ 
radiation  than  after  the  low-rate  radiation,  consistent 
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with  the  trend  one  would  expect  from  previous  dose-rate 
and  annealing  studies  of  MOS  devices  at  comparable 
electric  field  conditions. [6-8].  For  higher-rate  irradia¬ 
tion  plus  room-temperature  6  V  annealing  for  17  h,  re¬ 
sults  identical  to  the  low-rate  response  were  obtained 
(omitted  from  the  figure  for  clarity).  Similarly,  for 
higher-field  irradiation  of  45-nm  MOS  oxides  with 
hardened  oxides  (data  not  shown),  greater  TSC  is  also 
observed  after  higfi-rate  irradiation  than  after  low-rate 
irradiation,  again  as  expected  from  previous  work  [6-8]. 
(Note  that  these  results  effectively  eliminate  dosimetry 
problems  from  serious  consideration  as  potential  causes 
of  the  results  of  Figs.  2  and  4.)  We  conclude  that  nei¬ 
ther  ADI  bipolar  screen  oxides  nor  hardened  MOS  ox¬ 
ides  show  enhanced  hole  trapping  at  low  rates  for  high- 
field  irradiation.  However,  because  these  field  condi¬ 
tions  are  unrealistic  in  operating  bipolar/BiCMOS  cir¬ 
cuits  or  devices,  the  results  of  Fig.  4  are  more  relevant 
to  predicting  gain  degradation. 


Fig.  7.  TSC  vs.  dose  rate  for  bipolar  screen  oxide  capacitors  with  - 
54  nm  oxides  irradiated  to  50  kradlSiOj)  with  10-keV  x  rays  at  +6  V. 


F.  ADI Canacitnr’!-  -6  V Irradiation. 

A  final  case  is  useful  to  explore  before  discussing 
the  physical  mechanisms  responsible  for  the  effects  ob¬ 
served  in  Figs.  2-4.  In  Fig.  8  we  look  at  positive-bias 
TSC  following  negative  bias  irradiation  (-6  V  to  50 
krad)  for  the  ADI  capacitors.  While  in  previous  cases 
(positive  or  zero  bias  irradiation  followed  by  negative- 
bias  TSC)  results  are  weighted  toward  estimating 
trapped  hole  and  electron  densities  near  the  Si/Si02  in¬ 
terface,  irradiations  at  negative  bias  and  TSC  measure¬ 
ments  at  positive  bias  give  preferential  weight  to  charge 
trapped  near  the  gate/Si02  interface  [31].  Thus,  if  the 
magnitude  of  the  TSC  is  larger  in  one  of  the  cases,  the 
interface  weighted  most  heavily  in  the  measurements 
must  have  had  more  charge  trapped  nearby.  If  the  two 


TSC  magnitudes  are  nearly  equal,  either  relatively  uni¬ 
form  trapping  must  exist  throughout  the  Si02  bulk,  or 
approximately  equal  amounts  of  charge  must  be  trapped 
near  each  interface.  (In  either  of  these  two  cases,  Eqs. 
(l)-(3)  cannot  be  applied  in  their  present  forms  [26,31]). 
However,  the  magnitude  of  the  TSC  in  Fig.  8  is  signifi¬ 
cantly  less  than  in  Fig.  7  (the  current  flow  direction  is 
opposite  in  the  two  cases,  of  course,  due  to  the  opposite 
TSC  biases  [31,32]),  confirming  that  more  charge  is 
trapped  near  the  Si/Si02  interface  than  the  gate/Si02 
interface.  A  similar  conclusion  is  reached  from  0-V 
irradiations  of  ADI  capacitors  to  300  krad(Si02)  and 
positive-bias  TSC  measurements  (data  not  shown). 


Quantitatively,  in  Fig.  8,  Qh  =  -330  pC  in  the  83 
rad/s  case,  and  Qh  =  -280  pC  in  the  0.77  rad/s  case. 
Midgap  voltage  shifts  were  -0.76  V  and  -0.72  V  in  the 
two  cases,  respectively.  Estimates  of  trapped-electron 
densities  cannot  be  obtained  in  Fig.  8  because  TSC  and 
C-V  methods  weight  charge  near  the  Si/Si02  interface 
differently  for  these  bias  conditions  [3 1,32].  As  a  final 
note  on  Fig.  8,  the  low-rate  TSC  lies  just  below  the 
high-rate  at  all  temperatures,  though  the  relative  differ¬ 
ences  are  much  larger  at  low  temperatures.  For  exam¬ 
ple,  the  high-rate  TSC  is  roughly  twice  the  low-rate  TSC 
at  ~  50°C,  which  is  well  outside  differences  attributable 
to  experimental  error  [31].  Differences  are  only  about 
5%  near  the  peak  at  ~  250°C,  which  is  roughly  equiva¬ 
lent  to  the  experimental  uncertainty  at  this  temperature 
(the  background  parasitic  leakage  [31,32]  is  larger  at 
high  temperature  than  low  temperature).  Still,  from  the 
above  values  of  AV„g,  it  is  clear  that  these  low-energy 
differences  in  trap  distributions  in  Fig.  8  do  not  cause 
significant  differences  in  the  net  trapped-charge  density 
estimated  via  C-V  measurements. 
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VI.  Physical  Model 

The  preceding  discussions  suggest  that  many  of  the 
results  of  Figs.  2-8  cannot  easily  be  explained  in  terms 
of  standard  hole  transport,  trapping,  and  neutralization 
models  usually  applied  to  MOS  radiation  response  [37]. 
The  difference  in  hardness  of  these  screen  oxides  and 
the  difference  in  operating  electric  field  from  normal 
MOS  use  (e.  g',  for  gate  or  field  oxides)  are  evidently 
what  lead  to  their  unusual  dose-rate  response.  To  un¬ 
derstand  Figs.  2-4,  which  are  most  relevant  to  enhanced 
low-rate  bipolar  gain  degradation,  we  must  account  for 
the  following  observations  based  on  the  above  results: 

1)  For  0  V  irradiation,  slightly  more  holes  are  trapped 
at  low  rates  than  at  high  rates  for  the  ADI  screen 
oxides  (Fig.  4)  and  the  soft  SNL  capacitors  (Fig.  5), 
but  not  for  the  hard  SNL  capacitors  (Fig.  6). 

2)  For  0  V  irradiation,  there  are  more  compensating 
electrons  in  border  traps  following  high-rate  irra¬ 
diation  than  low-rate  irradiation  for  the  ADI  capaci¬ 
tors  (Fig.  4),  but  not  for  the  soft  or  hard  SNL  capaci¬ 
tors  (Figs.  5  and  6). 

3)  High-rate  0-V  irradiation  followed  by  room  tem¬ 
perature  0-V  anneals  cannot  simulate  low-rate  re¬ 
sponse  for  the  ADI  or  soft  SNL  capacitors  (Figs.  4 
and  5),  but  can  for  hard  SNL  capacitors  (Fig.  6). 

4)  High-rate  6-V  irradiation  and  room-temperature 
anneal  simulates  low-rate  6-V  irradiation  response 
for  all  types  of  devices  examined  (e.  g..  Fig.  7). 

5)  Excess  long-term  trapping  in  the  bulk  of  the  oxide 
or  near  the  gate  is  small  compared  to  the  total  trap 
density  near  the  Si  interface  (Figs.  7  and  8). 

6)  The  net  trapped-positive-charge  neutralization  rate 
at  0  V  is  slow  for  ADI  capacitors  at  25°C  (Fig.  4). 

Points  1-3  represent  results  new  to  this  work  that  are 
difficult  to  explain  within  the  context  of  most  previous 
MOS  experience  [6-8,37].  Points  4-6  provide  additional 
information  necessary  to  develop  a  physical  model  of 
the  effects  that  lead  to  enhanced  low-rate  gain  degrada¬ 
tion  in  modem  bipolar  devices.  These  have  led  us  to  the 
model  sketched  in  Fig.  9,  which  is  applicable  to  ADI 
screen-oxide  (or  similar)  capacitors  irradiated  at  0  V  at 
~  25°C.  Space  does  not  allow  us  to  discuss  the  detailed 
process  by  which  this  model  was  developed,  so  we  limit 
our  discussion  to  a  general  overview  of  the  model  and 
an  evaluation  of  its  consistency  within  the  criteria  of 
Points  1-6.  In  the  next  section,  we  also  present  corrobo¬ 
rating  evidence  in  support  of  the  model  that  was  ob¬ 
tained  after  the  model  was  developed.  This  serves  to 
reinforce  (but  certainly  does  not  prove)  its  utility. 


Fig.  9.  Schematic  illustration  of  mechanisms  contributing  to  en¬ 
hanced  net  positive  charge  in  bipolar  screen  oxides  at  low  dose  rates. 
The  left-hand  side  of  the  diagram  refers  to  high-rate  irradiation,  and 
the  right-hand  side  to  low-rate  exposure.  Mechanisms  apply  to  soft 
oxides  irradiated  at  low  electric  fields. 

A  defining  feature  of  the  data  is  that  there  is  a  cross¬ 
over  time  corresponding  to  dose  rates  of  --  10-100 
rad(Si02)/s  (see  Fig.  2),  This  implies  that  there  are 
time-dependent  effects  occurring  during  irradiation  that 
are  responsible  for  the  difference  in  high-  and  low-rate 
response.  This  mechanism  is  not  effective  after  irradia¬ 
tion,  based  on  the  lack  of  correspondence  between  low- 
rate  data  and  high-rate  plus  annealing  data  for  the  ADI 
and  soft  SNL  oxides  (Point  3).  One  possible  explana¬ 
tion  for  this  behavior  is  the  effect  of  space  charge  on 
hole  transport,  as  we  discuss  below.  However,  to  ac¬ 
count  for  the  results  of  Fig.  2,  holes  must  transport  out 
of  the  oxide,  anneal,  or  be  annihilated  by  radiation- 
induced  electrons  on  time  scales  much  longer  than  usual 
(-  0.03  ms  transit  for  this  oxide  thickness  and  electric 
field  [37],  assuming  a  transport  parameter,  a,  of  ~  0.25 
[37,43,44]).  On  the  other  hand,  these  time  scales  must 
be  short  compared  to  irradiation  times  corresponding  to 
the  “cross-over”  between  high-  and  low-rate  response 
for  the  screen-oxide  capacitors  of  Fig.  2  and  (similarly) 
for  BJTs  [3]  (Point  5).  For  example,  the  midpoint  of  the 
transitional  region  of  the  dose-rate  response  curve  in 
Fig.  2  is  ~  30  rad(Si02)/s.  It  takes  2.8  h  to  reach  300 
krad(Si02)  at  30  rad/s,  defining  an  approximate  upper 
bound  for  most  of  the  delocalized  holes  to  anneal. 

Although  it  is  possible  that  stretched-out  transport 
due  to  polaron  hopping  with  a  lower  than  normal  value 
of  a  could  account  for  the  long  times  associated  with 
the  space  charge  effects  here,  it  is  also  interesting  to 
consider  another  possibility  (which  might  itself  explain 
the  presence  of  low  a  values  [37,43,44]  in  oxides  with 
very  high  bulk  vacancy  densities).  We  note  that  prop¬ 
erties  similar  to  the  transport  features  outlined  above 
have  been  associated  in  recent  electron  paramagnetic 
resonance  (EPR)  studies  with  centers  [23],  which  are 
oxygen  vacancy  complexes  in  Si02  thin  films  that  can 
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serve  as  metastable,  delocalized  hole-trap  sites 
[20,22,24,45-47].  Most  importantly  for  our  purposes  in 
this  discussion,  these  centers  anneal  or  lose  their  hole  to 
a  more  stable  complex  (like  the  classic  E^'  center)  on 
time  scales  of  seconds  to  hours  during  or  after  x-ray  ir¬ 
radiation  or  hole  injection  [23,47],  Delocalized  trapping 
centers  like  the  Eg  are  vastly  more  common  in  the  bulk 
of  very  soft  oxides,  like  the  ADI  screen  oxides,  than  in 
radiation  hardened  oxides  [20,22,23]  (Point  3). 

During  higher-rate  irradiation  (here  for  rates  above 
~  100  rad/s),  the  large  number  of  defects  in  the  bulk  of 
the  oxide  evidently  retard  the  hole  transport  process  by 
several  decades  over  its  normal  duration  [37].  The 
slowly  transporting  or  metastably  trapped  holes  in  the 
bulk  of  the  oxide  act  in  conjunction  with  the  building 
space  charge  due  to  more  deeply  trapped  holes  near  the 
Si/SiOj  interface  to  reduce  the  charge  yield  in  the  bulk 
of  the  oxide  in  the  high-rate  case,  as  compared  to  the 
yield  in  the  low-rate  case  [37].  This  reduction  is  due  to 
the  decreased  local  potential  gradient  (i.  e.,  decreased 
local  time-dependent  electric  field)  between  the  trapped 
holes  near  the  Si  interface  and  the  gate,  caused  by  in¬ 
creased  positive  charge  in  the  oxide  bulk  or  near  the 
gate  interface,  as  shown  on  the  left-hand  side  of  Fig.  9. 
The  slowly  transporting  and/or  metastably  trapped  holes 
in  the  bulk  of  the  oxides  also  provide  additional  elec¬ 
trostatic  “back-pressure”  during  high-rate  irradiation 
that  causes  holes  to  be  trapped,  on  average,  a  little 
closer  to  the  Si/SiOj  interface  than  during  low-rate  ir¬ 
radiation.  (The  presence  of  space  charge  effects  at 
high?r  rates  is  also  suggested  by  the  high-  and  low-rate 
dose  dependencies  of  gain  degradation  in  Ref.  [30]). 

The  reduction  in  charge  yield  at  high  rates  due  to 
these  space  charge  effects,  coupled  with  the  relatively 
slow  trapped-hole  neutralization  rate  at  0-V  for  these 
devices  (Point  6),  evidently  accounts  for  the  increase  in 
trapped-hole  density  at  low  rates  observed  via  TSC 
measurement  (Point  1).  That  some  holes  are  forced  by 
the  bulk  space  charge  to  be  trapped  a  little  closer  to  the 
Si  at  high  rates  than  they  otherwise  would  be  at  lower 
rates  facilitates  the  formation  of  neutral  trapped- 
hole/electron  dipoles  near  the  Si  [26,35,36,42,  ]. 

Some  dipoles  will  function  electrically  as  border  traps 
and  others  will  be  electrically  indistinguishable  from 
annealed  holes  except  during  TSC  measurement  (and/or 
reverse-bias  annealing  [42,49,50]).  This  leads  to  the 
enhanced  trapped-electron  density  near  the  S1/S1O2  in¬ 
terface  during  the  high-rate  irradianons  (Point  2).  Fi¬ 
nally,  space-charge  and  electrostatic  back-pressure  e  - 


facts  only  dominate  device  response  at  low  fields  be¬ 
cause  the  applied  electric  field  dominates  local  fields  for 
higher-field  exposure  (Point  4). 

Alternate  models  based  on  conventionally  transport¬ 
ing  holes  (a  =  0.25)  cannot  explain  why  space  charge 
effects  become  significant  in  ADI  capacitors  at  dose 
rates  of  ~  100  rad(Si02)/s,  instead  of  the  higher  rates 
(generally  greater  than  ~  10^  rad(Si02)/s)  usually  asso¬ 
ciated  with  transient  space  charge  effects  [37].  Models 
based  on  large  trap  densities  near  the  gate  interface  are 
ruled  out  by  the  positive-bias  TSC  data  of  Fig.  8.  Sim¬ 
ple  time-dependent  charge  redistribution  effects  are  ex¬ 
cluded  by  the  absence  of  increases  in  the  magnitude  of 
AVmg  during  0-V  postirradiation  anneals  (Figs.  4  and  5). 
Finally,  models  based  on  excess,  relatively  stable 
trapped  electrons  not  associated  with  border  traps 
[51,52]  are  similarly  ruled  out  by  the  lack  of  increase  in 
magnitude  of  AV^g  during  0-V  annealing,  and  by  the 
lack  of  a  “turnaround”  toward  positive  midgap  shifts  at 
higher  doses.  That  high-rate  irradiation  and  annealing 
cannot  simulate  low-rate  response  for  the  devices  and 
irradiation  conditions  of  Fig.  9  is  consistent  with  the 
model  presented  above  because  the  “true”  annealing  of  a 
trapped  hole  (as  opposed  to  compensation  by  a  trapped 
electron)  obviously  cannot  be  reversed  after  irradiation. 
Also,  the  “excess”  charged  dipoles  near  the  Si/Si02  in¬ 
terface  formed  at  high  rates  cannot  easily  be  separated 
during  annealing  by  pushing  the  electron  out  of  the 
compensating  trap  unless  bias  is  altered  [34,42,49,50]. 

Vn.  Test  of  Model;  60'’C  Irradiation 

While  the  physical  model  outlined  in  the  previous 
section  can  account  for  the  differentiating  features  of  the 
data  in  Figs.  2-8  listed  above,  all  six  points  played  sig¬ 
nificant  roles  in  developing  important  features  of  the 
model.  What  is  therefore  needed  is  an  independent 
check  of  the  model.  This  is  provided  by  the  crucial  de¬ 
pendence  of  the  model  on  space  charge  and  trapped-hole 
redistribution  effects  associated  with  slowly  transport¬ 
ing  or  metastably  trapped  holes  during  irradiation.  An 
interesting  property  of  delocalized  hole  centers  (as  well 
as  retarded  hole  transport)  that  has  not  yet  been  used  in 
the  development  of  the  model  is  their  strong  tempera¬ 
ture  dependence.  It  is  well  known  that  hole  transport  is 
thermally  activated  [37,43,44].  Moreover,  delocalized 
hole  centers  typically  are  neutralized  at  temperatures 
well  below  that  at  which  deep  hole  traps  anneal.  For 
example,  EPR  studies  show  that  Ea'  centers  lose  their 
spins  at  or  below  ~  50°C,  while  E,'  centers  lose  theirs  at 
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~  200°C  [47],  (It  is  interesting  that  there  are  often  mi¬ 
nor  and  major  peaks  in  TSC  studies  [26,34]  at  these 
same  temperatures,  suggesting  a  possible  connection 
between  the  TSC  peaks  and  EPR  centers  [23].) 

Based  on  the  above  considerations,  we  decided  to 
see  if  we  could  irradiate  the  capacitors  at  a  temperature 
high  enough  to  speed  the  transport  and/or  annihilation 
of  the  metastahJe  holes  in  the  bulk  of  the  oxide  without 
significantly  perturbing  the  deeper  trapped-hole  distri¬ 
bution  near  the  Si/Si02  interface.  Based  on  their  rela¬ 
tive  “annealing”  temperatures,  we  selected  ~  60°C.  The 
model  of  Fig.  9  makes  a  surprising  prediction  about  ADI 
screen  oxide  capacitors  irradiated  at  ~  60°C.  By  elimi¬ 
nating  the  metastably  trapped  and/or  slowly  transporting 
holes  responsible  for  the  space  charge  effects  that  re¬ 
duce  the  high-rate  midgap  shifts  during  0-V  irradiation, 
we  should  be  able  (if  the  model  of  Fig.  9  is  correct)  to 
increase  the  net  positive  oxide-trap  charge  in  these  de¬ 
vices  by  slightly  increasing  the  temperature  during  ir¬ 
radiation!  To  our  knowledge,  such  behavior  has  not 
been  observed  in  MOS  devices  previously  (though  we 
do  not  know  of  a  previous  example  of  this  experiment 
on  this  type  of  device).  Indeed,  it  has  been  almost  uni¬ 
versally  observed  that  raising  the  temperature  above 
25°C  during  irradiation  or  postirradiation  annealing 
(though  almost  always  at  worst-case  positive  static  bias) 
decreases  the  net  trapped-positive  charge  density  in 
MOS  oxides  [6-8,53,54].  Thus,  the  model  of  Fig.  9 
leads  us  to  a  surprising  prediction  that  can  either  invali¬ 
date  the  model  or  help  to  establish  its  self-consistency. 


Fig.  10.  Comparison  of  midgap  voltage  shifts  for  25°C  (triangles) 
and  60°C  (solid  square)  0-V  irradiation  of  ADI  capacitors  with  -  54 
nm  oxides  at  200  rad(Si02)/s. 

A.  Capacitors. 

For  the  first  test,  we  irradiated  the  ADI  capacitors  of 
Figs.  2  and  4  at  60°C  to  300  krad  with  10-keV  x  rays  at 


200  rad(Si02)/s  and  0  V.  Results  are  compared  with 
room-temperature  midgap  shifts  in  Fig.  10.  Clearly, 
midgap  shifts  are  larger  in  magnitude  after  60“C  irra¬ 
diation  than  after  25°C  irradiation  (due  to  a  slight  in¬ 
crease  in  trapped-hole  density  and  a  significant  reduc¬ 
tion  in  trapped-electron  density  for  the  60°C  case),  as 
predicted  by  the  model  of  Fig.  9.  Moreover,  the  60°C 
irradiation  shifts  are  almost  identical  to  the  low-rate 
shifts,  further  reinforcing  the  utility  of  the  model. 


Fig.  11.  Excess  base  current  (normalized  to  preirradiation  values)  as 
a  function  of  x-ray  dose  rate  and  irradiation  temperature  for  .ADI 
XFCB  devices  with  1.5  pm  x  1.5  pm  crystalline  Si  emitters  irradi¬ 
ated  to  100  krad(Si02)  at  0  V  bias. 

Though  the  capacitor  data  of  Fig.  10  are  fairly  con¬ 
vincing  on  their  own,  an  even  better  test  of  the  model  of 
Fig.  9  is  to  see  how  real  BJTs  irradiated  at  60°C  com¬ 
pare  to  those  irradiated  at  room  temperature  at  varying 
dose  rates.  Though  all  of  our  capacitor  data  is  more  rep¬ 
resentative  of  the  RBCMOS  process,  we  show  results 
here  for  XFCB  transistors  that  have  --  10-times  thicker 
oxides  overlying  the  emitter-base  junction.  We  do  this 
(a)  because  we  have  more  BJT  dose-rate  data  to  show 
for  comparison,  and  (b)  to  see  whether  model  predic¬ 
tions  made  on  the  basis  of  screen  oxides  representing 
one  process  can  be  extrapolated  to  (still  extremely  soft) 
oxides  in  another  technology.  This  comparison  is 
shown  in  Fig.  11;  the  experiments  and  hardness- 
assurance  implications  are  described  further  in  Ref 
[30].  Again,  the  200  rad/s,  0-V  x-ray  irradiation  at  60°C 
causes  a  -  3-times  greater  increase  in  excess  base  cur¬ 
rent  (and  hence  in  gain  degradation,  since  the  collector 
current  is  unaffected)  than  room-temperature  irradiation, 
consistent  with  the  capacitor  results  in  Fig.  10.  At  20 
rad/s,  the  excess  base  current  is  even  greater.  But,  at  1 .7 
rad/s,  significant  annealing  or  compensation  [35,42,53] 
of  holes  in  deep  traps  also  occurs  during  the  higher- 
temperature  irradiations,  reducing  the  excess  base  cur- 


245 


rent.  Still,  the  results  of  Fig.  1 1  strongly  reinforce  the 
model  presented  above,  and  suggest  that  increasing  the 
temperature  to  ~  60°C  during  higher-rate  irradiation 
may  be  a  viable  way  to  simulate  low-rate  gain  degrada¬ 
tion  for  some  bipolar/BiCMOS  devices  and  ICs. 

Preliminary  results  on  RBCMOS  transistors  also 
show  enhanced  gain  degradation  at  60°C  (though  by 
only  _  20-40%,  instead  of  the  factor-of-three  enhance¬ 
ment  in  gain  degradation  for  XFCB  devices  in  Fig.  11), 
consistent  with  the  trends  observed  in  Figs.  10  and  11. 
Obviously,  it  would  also  be  useful  to  try  to  extend  these 
results  to  microcircuits  manufactured  in  these  and  other 
modem  bipolar  and  BiCMOS  technologies.  This  would 
allow  the  general  applicability  of  the  physical  model 
developed  here  to  be  evaluated,  and  to  see  whether  ir¬ 
radiating  bipolar  and  BiCMOS  devices  at  elevated  tem¬ 
peratures  could  be  an  effective  hardness  assurance  tool 
for  space  systems  [30].  We  note  that,  based  on  this 
work,  Johnston  et  al.  recently  irradiated  bipolar  devices 
with  substrate  PNPs  at  60°C  at  high  rates.  They  find 
that  the  high  rate  response  is  significantly  degraded  at 
elevated  temperature  [11],  again  helping  to  support  the 
model  presented  above.  Figure  1 1  illustrates  that  an¬ 
nealing  and  charge  compensation  effects  must  be  con¬ 
sidered  carefully  in  choosing  appropriate  temperature 
and  dose  rates  via  characterization  testing  in  support  of 
using  elevated  temperature  irradiation  as  part  of  a  hard¬ 
ness  assurance  program  for  space.  Nevertheless,  Figs. 
10  and  11  represent  the  first  time  that  bipolar  low-rate 
response  has  been  successfully  simulated  in  the  low- 
dose  regime  [38]  with  high-rate  irradiation. 

Vm.  Summary  and  Conclusions 

We  have  developed  the  first  physical  model  of  the 
mechanisms  responsible  for  enhanced  low-rate  gain 
degradation  in  bipolar  devices.  Detailed  capacitance- 
voltage  and  thermally-stimulated-current  measurements 
on  capacitors  simulating  bipolar  screen  oxides  suggest 
the  presence  of  slowly  transiting  or  metastably  trapped 
holes  (e.  g.,  in  E^'  centers)  in  the  bulk  of  the  screen  ox¬ 
ides,  consistent  with  recent  EPR  studies  [23,47].  These 
act  in  tandem  with  more  deeply  trapped  holes  near  the 
Si/SiOi  interface  to  reduce  the  charge  yield  in  the  bulk 
of  the  oxide  and  increase  the  number  of  compensated 
holes  in  the  oxide  above  the  emitter-base  junction. 
Strong  corroborative  evidence  for  this  model  was  pro¬ 
vided  by  capacitor  and  BJT  studies.  In  these  studies  it 
was  found  that,  in  contrast  with  nearly  all  previous  MOS 
experience  (albeit  mostly  on  much  harder  oxides  and 


higher  oxide  electric  fields),  raising  the  temperature  of 
the  devices  to  60®C  during  irradiation  increases  the  net 
positive  charge  trapping  in  the  oxide.  This  occurs  be¬ 
cause  the  transport  and/or  annealing  of  the  slowly  trans¬ 
porting  and/or  metastably  trapped  holes  that  help  to  re¬ 
duce  the  midgap  shifts  during  higher-rate  irradiation  is 
accelerated.  On  the  basis  of  a  model  prediction,  we 
demonstrate  for  the  first  time  that  the  use  of  modestly 
elevated-temperature  can  enable  irradiation  of  (at  least 
some  types  oO  bipolar  devices  at  dose  rates  typical  of 
the  MIL-STD  range  (50-300  rad(Si02)/s  [8])  to  simulate 
exposure  at  space-like  dose  rates  [30]. 

The  results  obtained  here  also  have  potentially  sig¬ 
nificant  processing  implications.  If  screen  oxides  can  be 
developed  that  do  not  contain  such  large  densities  of 
deep  hole  traps  (and/or  delocalized  hole  centers),  it  is 
clear  that  (a)  the  radiation  hardness  of  modem  bipolar 
and  BiCMOS  devices  could  be  significantly  improved, 
and  (b)  testing  for  low-dose-rate  applications  could  be 
made  easier.  Obvious  areas  to  examine  include  changes 
in  implant  conditions  and/or  use  of  rapid  thermal  proc¬ 
essing.  Using  a  thinner  oxide  over  the  emitter-base 
junction  also  would  be  beneficial  to  its  hardness.  Of 
course,  the  resulting  structures  must  still  be  compatible 
with  the  remainder  of  device  processing,  as  a  bullet¬ 
proof  screen-oxide  in  a  zero-yield  process  or  sub-par 
circuit  performance  does  not  benefit  anyone.  Mean¬ 
while,  modestly  elevated-temperature  irradiation,  low- 
dose-rate  irradiation  [9-11,30],  and/or  margin  via  over¬ 
testing  [30,38]  must  be  applied  to  qualify  bipolar  and 
BiCMOS  devices  showing  enhanced  gain  degradation  at 
low  dose  rates  for  space  environments. 
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Appendix 

Appendix  Table.  Trapped  charge  due  to  holes  and  electrons,  as  well  as  C-V  midgap  shifts,  for  MOS  capacitors  irradiated  with  10-keV  x  rays 
as  a  function  of  irradiation,  anneal,  and  TSC  bias  for  the  data  of  Figs.  4-8.  These  irradiations  and  anneals  were  performed  at  room  tempera¬ 
ture.  The  anneal  bias,  if  applicable,  was  equal  to  the  irradiation  bias.  Values  of  Qh  and  were  estimated  using  Eqs.  ( 1  )-(3)  (Refs.  [26,3 1  ]). 


Process 
Type  (Fig.  #) 

Dose 

[krad  (Si02)] 

Rad  Bias 
(V) 

Dose  Rate 
radfSiOjJ/s 

Anneal  Time 
(h) 

TSC  Bias 
(V) 

Qs 

(pC) 

(V) 

ADI  (4) 

300 

0 

4.6 

None 

-15 

1190 

65 

-5.5 

300 

0 

1000 

None 

-15 

1060 

170 

-4.4 

AD!  (4) 

300 

0 

1000 

17 

-15 

940 

180 

-3.8 

Soft  SNL  (5) 

2000 

0 

31.7 

None 

-10 

5240 

3800 

-1.36 

Soft  SNL  (5) 

2000 

0 

2000 

-10 

5000 

3180 

-1.75 

Soft  SNL  (5) 

2000 

0 

2000 

17 

-10 

4450 

3700 

-0.76 

Hard  SNL  (6) 

1800 

0 

1000 

None 

-10 

3240 

2240 

-1.5 

1800 

0 

4.4 

None 

-10 

3000 

2660 

-0.5 

ADI  (7) 

50 

+6 

0.83 

None 

-10 

680 

125 

-3.8 

ADI  (7) 

50 

+6 

417 

None 

890 

135 

-2.8 

ADI  (8) 

50 

-6 

83 

None 

^10 

-330 

— 

-0.76 

ADI  (8) 

50 

-6 

0.77 

None 

+  10 

-280 

•• 

-0.72 
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Abstract 

A  comparison  is  presented  of  ionizing-radiation-induced  gain 
degradation  in  lateral,  substrate,  and  vertical  PNPs.  The  dose- 
rate  dependence  of  current  gain  degradation  in  lateral  PNP  BJTs 
is  even  stronger  than  the  dependence  previously  reported  for  NPN 
BJTs.  Various  mechanisms  are  presented  and  their  relative  sig¬ 
nificance  for  gain  degradation  in  the  lateral,  substrate,  and  verti¬ 
cal  PNPs  is  discussed.  A  detailed  comparison  of  the  lateral  and 
substrate  PNP  devices  is  given.  The  specific  lateral  and  sub¬ 
strate  devices  considered  here  are  fabricated  in  the  same  process 
and  possess  identical  emitters.  Even  though  these  devices  have 
identical  emitters  and  undergo  the  same  processing  steps,  the 
lateral  devices  degrade  significantly  more  than  the  substrate  de¬ 
vices. 

1.  Introduction 

Bipolar  junction  transistors  (BJTs)  continue  to  play  an  im¬ 
portant  role  in  integrated-circuit  technology.  These  bipolar  cir¬ 
cuits  are  important  components  in  spacebome  electronic  sys¬ 
tems.  In  earlier  digital  bipolar  technologies,  the  limiting  factor 
for  using  BJTs  in  total-dose  environments  was  typically  excess 
leakage  caused  by  trapped  positive  charge  in  the  field  oxide  [1]. 
However,  for  many  current  bipolar  linear  technologies,  the  pri¬ 
mary  total-dose  failure  mechanism  is  reduction  of  the  current 
gain  {1(^1  q).  The  effects  of  ionizing  radiation  on  gain  degrada¬ 
tion  in  vertical  bipolar  Junction  transistors  have  been  studied 
extensively  [2-9].  Vertical  NPN  transistors  studied  in  previous 
work  [2-7]  exhibit  very  significant  gain  degradation,  panicu- 
larly  when  they  are  irradiated  at  low  dose-rates  (less  than  about 
10  rad(Si02)/s)  [10].  In  contrast,  vertical  PNP  transistors  are 
relatively  hard  to  ionizing  radiation  [3-4].  However,  recent  pa¬ 
pers  have  attributed  failures  of  linear  integrated  circuits  irradi¬ 
ated  at  low  dose-rates  to  degradation  of  lateral  PNP  transistors 
[11-13],  In  this  work,  the  effects  of  ionizing  radiation  on  verti¬ 
cal,  lateral,  and  substrate  PNP  transistors  are  compared  experi¬ 
mentally. 

NPN  BJTs  have  been  studied  extensively  and  may  be  used 
here  as  a  frame  of  reference  for  the  comparison  of  the  PNP  BJTs. 
lonizing-induced  gain  degradation  in  the  NPNs  examined  in 
[2-7]  has  been  shown  to  be  due  to  increased  recombination  in 
the  emitter-base  depletion  region  [2-7].  The  increase  in  recom¬ 


bination  is  due  to  two  mechanisms.  First,  interface  states  near 
midgap  cause  an  increase  in  surface  recombination  velocity.  Sec¬ 
ond,  trapped  oxide  charge  increases  the  surface  potential  which 
depletes  the  surface.  Eventually,  the  condition  is  reached  where 
the  electron  and  hole  concentrations  are  equal  at  the  surface  [7], 
This  condition,  called  the  cross-over  point,  is  where  recombina¬ 
tion  is  maximum.  The  cross-over  point  moves  subsurface  as 
positive  oxide  charge  is  added.  The  combined  effect  of  these 
two  mechanisms  is  a  multiplicative  combination  of  the  individual 
effects.  The  excess  base  current  increases  rapidly  as  a  function 
of  the  net  charge  in  the  oxide  (approximately  as  exp(NQj^2))  and 
thus  the  oxide  charge  tends  to  dominate  the  radiation  response 
[6-7]. 

In  this  work  it  is  demonstrated  that  lateral  PNP  transistors 
can  degrade  severely  at  low  total  dose  levels.  For  the  devices 
considered  here,  the  total  dose  required  to  degrade  the  lateral 
devices  to  half  of  their  normalized  current  gain  is  50  times  less 
than  that  needed  to  observe  the  same  current  gain  degradation 
in  the  vertical  devices.  Similarly,  the  total  dose  levels  required 
to  degrade  the  lateral  devices  to  half  of  their  normalized  current 
gain  is  typically  20  times  less  than  that  needed  to  produce  the 
same  current  gain  degradation  in  the  substrate  devices.  The  lat¬ 
eral  and  substrate  devices  also  exhibit  strong  dose-rate  depen¬ 
dence  of  gain  degradation  such  that  as  the  dose-rate  decreases, 
the  current  gain  at  a  fixed  total  dose  decreases.  The  lateral  PNP 
transistor  exhibits  a  stronger  dose-rate  dependence  of  current 
gain  degradation  than  that  previously  reported  in  NPN  transis¬ 
tors  [2-4,  10]. 

To  assist  in  determining  the  cause  of  the  ionizing-radiation- 
induced  gain  degradation  in  lateral  PNP  devices,  the  lateral  PNP 
device  examined  in  this  work  was  modeled  with  processing  and 
device  simulation  toolst.  The  simulations  were  coupled  with 
experiments  to  examine  the  mechanisms  responsible  for  the  gain 
degradation.  Figure  1  displays  cross-sections  and  quantitative 
details  for  the  vertical,  lateral,  and  substrate  PNP  BJTs  studied 
in  this  work. 

Four  mechanisms  were  identified  as  being  responsible  for 
the  degradation:  (I)  depletion  of  the  p-tyF>e  emitter;  (2)  recom¬ 
bination  at  the  base  surface;  (3)  electron  injection  into  the  emit¬ 
ter;  and  (4)  surface  hole  depletion.  Each  mechanism  and  its 
significance  for  each  type  of  PNP  transistor  mentioned  above  is 


*  Simulation  tools  provided  by  Silvaco,  International 
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Figure  1:  Representative  cross-sections  of  the  (a)  vertical  (VPNP), 
(b)  lateral  (LPNP),  and  (c)  substrate  (SPNP)  transistors. 


examined.  It  is  shown  that  these  mechanisms  are  less  sig¬ 
nificant  in  the  vertical  PNP  than  in  the  lateral  and  substrate 


PNP  devices  because  the  vertical  structure  has  a  heavily 
doped  emitter  and  a  vertical  current  flow  pattern.  The  lat¬ 
eral  PNP,  however,  is  more  significantly  affected  by  re¬ 
combination  at  the  base  surface  and  surface  hole  depletion 
than  the  vertical  PNP,  since  the  current  flow  pattern  is  lat¬ 
eral  and  directly  under  the  oxide  where  radiation-induced 
charge  is  present.  Even  though  the  substrate  and  lateral  PNP 
BJTs  considered  here  have  identical  emitters,  the  lateral  de¬ 
vice  exhibits  more  gain  degradation  and  excess  base  current 
than  the  substrate  device.  The  significant  physical  mecha¬ 
nisms  responsible  for  current  gain  degradation  of  the  lateral 
structure  are  determined  from  detailed  comparison  with  the 
substrate  device  which  shares  the  same  emitter  and  fabrica¬ 
tion  process. 

n.  Experimental  Details 

Exp)eriments  were  performed  on  development  chips  from 
Analog  Devices,  Incorporated,  which  include  lateral  and  sub¬ 
strate  devices.  The  results  are  compared  with  vertical  devices 
from  Analog  Devices  XFCB  process  [14].  The  development 
process,  RF25,  features  25  GHz  double  polysilicon  self-aligned 
NPN  BJTs  for  RF  and  microwave  applications,  but  no  vertical 
PNP  transistors  [15],  Each  RF25  test  chip  has  two  isolated  lat¬ 
eral  PNP  transistors  and  a  substrate  PNP  transistor  which  are 
the  devices  of  interest  here.  One  lateral  PNP  transistor  has  an 
emitter  geometry  of  1.2  jim  x  1 .2  pm  and  the  other  lateral  PNP  has 
five  parallel  emitters  which  are  1.2  pm  x  1.2  pm  each.  The  sub¬ 
strate  PNP  transistor  has  an  emitter  geometry  of  1 ,2  pm  x  1 .2  pm. 

Lateral  and  substrate  PNP  transistors  from  the  RF25  pro¬ 
cess  were  irradiated  with  10  keV  X-ray  and  Co-60  sources.  The 
dose-rates  ranged  from  0.0 1  rad(Si02)/s  to  1670  rad(Si02)/s. 
Each  packaged  chip  was  irradiated  with  all  terminals  grounded. 
A  preliminary  experiment  comparing  devices  irradiated  with 
Veb  =  -2V  to  devices  irradiated  with  =  0  V  indicated  no 
appreciable  differences.  Device  characterization  for  the  lat¬ 
eral  PNPs  consisted  of  Gummel  sweeps  with  the  emitter 
grounded,  the  collector  at  -2V,  the  substrate  at  -3V,  and  the  base 
voltage  ranging  from  0  to  -IV.  Device  characterization  for  the 
substrate  PNP  consisted  of  Gummel  sweeps  with  the  base 
grounded,  the  collector  at  -2.5V,  and  the  emitter  voltage  ranging 
from  0  to  IV.  The  common  dose-rate  of  1.8  rad(Si02)/s  was 
used  for  comparison  of  the  two  sources.  Capacitors  from  the 
RF25  process  were  also  irradiated  in  order  to  examine  the  charge 
trapping  properties  of  the  oxide  that  lies  above  the  base  in  the 
lateral  and  substrate  BJTs.  These  capacitors  were  irradiated 
with  a  10  keV  X-ray  source  at  dose-rates  ranging  from  0.83 
to  355  rad(Si02)/s  up  to  a  total  dose  of  200  krad(Si02).  The 
capacitors  were  grounded  during  irradiation. 

The  vertical  PNP  used  for  comparison  in  this  work  is  from 
Analog  Devices  XFCB  process.  It  was  necessary  to  use  a  verti¬ 
cal  device  from  a  different  process  because  the  RF25  process 
includes  only  lateral  and  substrate  devices.  The  vertical  devices 
were  irradiated  with  a  10  keV  X-ray  source  [4],  The  dose-rates 
were  111,  158,  and  1667  rad(Si02)/s  up  to  a  total  dose  of 
500  krad(Si02). 
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Figure  2;  Normalized  current  gain,  p.  vs.  for  lateral  (LPNP), 
substrate  (SPNP),  and  vertical  (VPNP)  transistors  for  a 
total  dose  of  500  kradfSiOp.  Dose  rate  for  VPNP  de¬ 
vice  is  158  radfSiOv's  and  for  the  LPNP  and  SPNP  de¬ 
vices  is  167  radlSiOys. 


III.  Experimental  Results 

[11.  A.  Gain  Degradation 

The  current  gain,  defined  as  P  =  where  is  the  col¬ 
lector  current  and  Ig  is  the  base  current,  is  plotted  vs.  emitter- 
base  voltage  (Vgg  )  in  Fig.  2  for  the  RF25  lateral  and  substrate 
PNP  transistors  and  for  a  vertical  PNP  transistor  from  the  Ana¬ 
log  Devices  XFCB  process.  The  devices  illustrated  here  received 
a  total  dose  of  500  kradfSiO^).  For  each  device,  the  current  gain 
has  been  normalized  by  the  pre-irradiation  maximum  current 
gain  for  that  particular  device.  The  vertical  PNP  transistor  ex¬ 
hibits  the  least  gain  degradation,  while  the  lateral  transistor  ex¬ 
hibits  the  most  degradation.  The  reduction  in  the  current  gain  is 
most  pronounced  at  low  bias  levels  for  all  transistor  types. 


Figure  3  shows  normalized  current  gain  vs.  total  dose  tor 
the  three  device  types.  The  effect  of  total  dose  on  the  three  de¬ 
vices  at  similar  dose-rates  and  a  fixed  value  of  cunrent  gain  deg¬ 
radation  may  be  compared.  If  the  current  gain  degradation  for 
comparison  is  chosen  to  be  one  half  of  its  original  value,  then 
Fig.  3  shows  that  the  total  dose  required  to  produce  this  degra¬ 
dation  for  the  lateral,  substrate,  and  vertical  transistors  is  ap¬ 
proximately  7,  150,  and  500  krad(Si02),  respectively.  Thus,  for 
similar  dose-rates,  the  total  dose  levels  required  to  degrade  the 
lateral  devices  to  one  half  of  their  normalized  current  gain  is 
about  50  times  less  than  that  needed  to  observe  current  gain  deg¬ 
radation  of  the  same  extent  in  the  vertical  devices.  For  similar 
dose-rates,  the  total  dose  level  required  to  degrade  the  lateral 
devices  to  one  half  their  normalized  current  gain  is  as  much  as 
20  times  less  than  that  needed  to  observe  current  gain  degrada¬ 
tion  of  the  same  extent  in  the  substrate  devices. 


Dose  Rate  (rad  (Si02)  /s) 


Figure  4:  Normalized  current  gain,  P.  vs.  dose  rate  for  lateral  (LPNP), 
substrate  (SPNP),  and  vertical  (VPNP)  transistors.  The  to¬ 
tal  dose  for  the  LPNP  and  SPNP  devices  was  1 00  krad(SiO,), 
and  the  total  dose  for  the  VPNP  device  was  500  krad(SiOp. 


Figure  3:  Normalized  current  gain.  p.  vs.  total  dose  for  lateral  (LPNP), 
substrate  (SPNP),  and  vertical  (VPNP)  transistors  at  dose 
rates  of  167  rad(SiO,)/s  and  158  rad(SiOp/s. 


The  lateral,  substrate,  and  vertical  devices  not  only  show  a 
dependence  upon  total  dose,  they  also  display  a  significant  dose- 
rate  dependence.  The  dose-rate  dependences  of  the  lateral,  sub¬ 
strate,  and  vertical  PNP  transistors  are  illustrated  in  Fig.  4  where 
normalized  p  vs.  dose-rate  is  plotted.  The  data  point  at  0.05 
rad(Si02)/s  was  obtained  by  using  Co-60  as  the  irradiation 
source,  while  all  the  other  data  points  were  obtained  with  an  X- 
ray  irradiation  source.  The  Co-60  to  X-ray  correlation  was  com¬ 
pleted  at  a  common  dose-rate  of  1.8  rad(Si02)/s  as  illustrated  in 
Fig.  5  where  the  total  dose  is  100  lcrad(Si02).  Figures  5(a)  and 
5(b)  illustrate  that  the  Co-60  source  produces  greater  current 
gain  degradation,  or  equivalently,  greater  excess  base  current 
(Alg  =  Ig  - 1  go,  where  Igg  is  the  pre-irradiation  base  current  and 
Ig  is  the  post-irradiation  base  current)  than  the  X-ray  source. 
The  excess  base  current  in  Fig.  5(b)  for  the  Co-60  irradiation  is 
2.73  times  greater  than  that  for  the  X-ray  irradiation  at  V^^  = 
0.7  V.  This  X-ray  to  Co-60  comparison  agrees  with  previous 
results  for  thick  oxides  irradiated  at  low  electric  fields  [16]. 
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Figure  5:  (a)  Normalized  current  gain,  p,  versus  for  the  LPNP  at  a 
dose  rate  of  1 .8  radfSiO^ys  to  a  total  dose  of  100  kradfSiO^). 
(b)  Excess  base  current  versus  for  the  LPNP  at  a  dose 
rate  of  1 .8  radCSiO^/s  to  a  total  dose  of  100  kradCSiO^). 


and  a  total  dose  of  500  krad(SiO->)  for  the  lateral  PNP  device. 
The  Gummel  plot  in  Fig.  6  is  separated  for  clarity  into  the  pre¬ 
rad  and  post-rad  base  current  in  6(a)  and  the  pre-rad  and  post¬ 
rad  collector  current  in  6(b).  The  collector  current  in  the  lateral 
PNP  changes  only  slightly  with  respect  to  the  base  current.  Fig¬ 
ures  7(a)  and  7(b)  show  Gummel  plots  at  dose-rates  of  167 
rad(Si02)/s  and  158  rad(Si02)/s  for  the  substrate  and  vertical 
devices,  respectively.  The  total  dose  for  each  plot  is  500 
krad(Si02).  Only  the  base  current  portions  of  the  Gummel  plots 
are  presented  for  the  substrate  and  vertical  PNPs  since,  relative 
to  the  base  current,  the  collector  current  does  not  show  an  appre¬ 
ciable  change  as  a  function  of  total  dose. 

The  ideality  factor,  n,  is  related  to  the  base  current  through 
the  following  relationship  : 

where  V  is  the  applied  voltage  and  kT/q  is  the  thermal  voltage. 
The  ideality  factor  may  be  extracted  from  the  plot  of  In(I^)  vs. 
^EB  shown  in  Fig.  8.  For  reference,  line  segments 


Therefore,  the  Co-60  data  in  Figs.  4  and  10  were  multiplied  by  a 
factor  of  2.73  to  allow  direct  comparison  between  Co-60  and  X- 
ray  data.  In  Fig.  4,  the  total  dose  for  the  lateral  and  substrate 
PNPs  is  100  krad(Si02)  and  for  the  vertical  PNP  is  500 
krad(Si02).  Note  that  if  the  total  dose  for  the  vertical  device 
were  100  l^d(Si02)t  the  vertical  dose-rate  curve  would  lie  above 
the  substrate  PNP  curve  due  to  the  total  dose  effect  ex¬ 
plained  above.  The  500  krad(Si02)  curve  is,  however,  suf¬ 
ficient  to  illustrate  the  dose-rate  U'end.  As  the  dose-rate  decreases, 
the  gain  degradation  of  all  three  types  of  PNP  BJTs  increases, 
however,  the  lateral  PNP  shows  the  greatest  degradation. 

IIL  B,  Excess  Base  Current 

The  gain  degradation  in  the  lateral  device  results  from  a  com¬ 
bination  of  increased  base  current  {Iq)  and  slightly  decreased 
collector  current  (  ).  In  the  vertical  PNP  transistor,  on  the 

other  hand,  gain  degradation  results  almost  exclusively  from 
increased  base  current.  Figure  6  displays  the  Gummel  plots 
(log  Iq  and  log  Iq  vs.  V^q)  for  a  dose-rate  of  167  rad(Si02)/s 
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Figure  6:  Gummel  plots  ((a)  log  and  (b)  log  vs.  V^.^)  for  the 
LPNP  at  a  dose  rate  of  167  rad(Si02)/s  to  a  total  dose  of 
500  krad(Si02). 
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Figure  7:  Gummel  plots  (log  vs.  for  the  (a)  SPNP  at  a  dose 
rate  of  167  rad(SiO,)/s  and  (b)  the  VPNP  at  a  dose  rate  of 
158  rad(SiO,)/s  to  a  total  dose  of  5(X)  krad(SiOJ. 

respresenting  ideality  factors  of  one  and  two  have  been  included. 
For  <  0.7  V,  the  excess  base  current  exhibits  I  <  n  <  2.  For 
^  excess  base  current  displays  n  =  2.  These  two 

distinct  regions  of  ideality  factors  are  similar  to  that  observed  in 
previous  work  with  NPN  transistors  [5-7].  For  NPN  devices,  an 
ideality  factor  between  one  and  two  signifies  surface  recombi¬ 
nation  and  an  ideality  factor  of  two  indicates  the  recombination 
peak  is  beneath  the  surface  [5-7]. 

Examining  the  base  current  of  these  devices  more  closely. 
Fig.  9  displays  the  normalized  excess  base  current  = 

where  is  the  pre-irradiation  base  current  and 
Iq  is  the  post-irradiation  base  current)  vs.  total  dose  for  the  three 
types  of  devices.  On  comparing  the  curves  in  Fig.  9,  the  in¬ 
crease  in  Iq  is  observed  to  be  much  smaller  in  the  substrate  and 
vertical  devices  than  in  the  lateral  device.  At  500  krad(Si02), 
the  lateral  device  exhibits  an  excess  base  current  approximately 
50  times  greater  than  the  vertical  device  which  represents  the 
majority  of  the  gain  degradation  seen  in  Fig.  3.  In  Fig.  10,  which 
displays  normalized  excess  base  current  vs.  dose  rate,  the  data 
point  at  0.05  radCSiO^j/s  was  obtained  with  a  Co-60  irradiation 


Figures:  Ideality  factor  of  LPNP  and  SPNP.  Dose  rate  is  1670 
rad(SiO,)/s,  and  total  dose  is  100  krad(SiOp.  Straight 
line  segments  represent  ideality  factors  of  I  and  2  for 
reference. 

source,  while  all  the  others  were  obtained  with  an  X-ray  irradia¬ 
tion  source. 

IIL  C  Radiatiori’Induced  Charge  Density 

In  these  devices,  gain  degradation,  or  equivalently,  excess 
base  current,  is  a  result  of  trapped  positive  oxide  charge  density 
and  interface  charge  density  in  the  oxide  which  cov¬ 
ers  the  emitter  base  junction.  Therefore,  capacitors  from  the 
RF25  process  were  irradiated  to  study  the  effects  of  ionizing 
radiation  on  and  within  the  oxide  [17].  The  capacitors 
were  irradiated  with  zero  bias  at  various  dose-rates  and  the  volt¬ 
age  shifts  after  exposure  to  ionizing  radiation  were  measured. 
The  midgap  voltage  shift,  was  used  to  obtain  radiation- 

induced  oxide  trapped  charge,  AA^^^,  and  excess  interface  trapped 
charge,  AA^^^  Figure  1 1  is  a  plot  of  AA^^^^  and  AN^-^  vs.  dose-rate. 
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Figure  9:  Excess  base  current.  4///^,  versus  total  dose  for  the  LPNP. 

SPNP.  and  VPNP  transistors  at  dose  rates  of 
167  rad(SiOj)/s  and  158  rad(SiO,)/s. 
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Figure  10:  Excess  base  current,  versus  dose  rate  for  the  LPNP, 

SPNP,  and  VPNP  transistors.  The  Co-60  data  at  0.5 
radfSiOjVs  has  been  reduced  by  the  factor  2.73  for  com¬ 
parison  with  the  X-ray  data. 


As  dose-rate  decreases,  both  and  increase.  Figure  1 1 
displays  the  same  general  trend  in  dose-rate  as  in  Fig.  4,  illus¬ 
trating  that  current  gain  degradation  in  these  devices  is  consis¬ 
tent  with  the  presence  of  more  radiation-induced  oxide  charge 
density  and  interface  traps  at  lower  dose-rates. 

IV.  Degradation  Mechanisms 

IV  A.  NPN  Degradation  Mechanisms 

Physical  mechanisms  responsible  for  ionizing-radiation-in- 
duced  gain  degradation  in  NPN  BJTs  have  been  studied  exten¬ 
sively  [2-7].  Current  gain  degradation  has  been  attributed  to  an 
increase  in  recombination  current  which  results  in  excess  base 
current.  There  are  two  mechanisms  responsible  for  increased 
recombination  current  in  NPN  BJTs.  First,  the  formation  of  in¬ 
terface  traps  at  the  Si/Si02  interface  which  covers  the  emitter- 
base  junction  results  in  increased  surface  recombination  veloc¬ 
ity.  Second,  net  positive  charge  accumulated  in  the  oxide  above 
the  emitter-base  junction  causes  the  field  induced  depletion  layer 
to  expand  into  the  p-type  base.  The  p-type  base  in  the  NPN  BJT 
is  lightly  doped  with  respect  to  the  p-type  emitter  in  the  PNP 
BJTs  considered  here.  Therefore,  depletion  of  the  p-type  region 
will  be  a  more  significant  mechanism  in  the  current  gain  degra¬ 
dation  of  NPN  BJTs  than  in  the  PNP  BJTs  in  this  work.  Of  the 
two  mechanisms  responsible  for  increased  recombination  cur¬ 
rent  in  NPN  BJTs,  positive  oxide  charge  is  the  dominant  mecha¬ 
nism  [2-6].  Oxide  charge  dominates  since  it  increases  the  re¬ 
combination  rate  as  exp(N^jj^2)  when  the  surface  is  depleted  be¬ 
fore  eventually  saturating  [5-6]. 

IV.  B.  PNP  Degradation  Mechanisms 

Cross-sections  of  the  vertical,  lateral,  and  substrate  devices, 
respectively,  were  shown  previously  in  Fig.  1.  The  lateral  PNP 
devices  were  modeled  with  SPISCES  using  the  actual  RF25  fab¬ 
rication  process.  The  lateral  devices  presented  in  this  work  are 
different  from  typical  lateral  devices  because  they  have  heavily 


doped  p-type  emitters.  The  lateral  PNPs  considered  here  have 
an  emitter  doping  at  the  surface  on  the  order  of  1  .Ox  10^^  cm'^, 
whereas  typical  lateral  PNPs  fabricated  in  older  processes  typi¬ 
cally  have  an  emitter  doping  at  the  surface  on  the  order  of 
1.0xl0*^to  l.OxlO^^cm*^  [18],  The  difference  between  the  lat¬ 
eral  PNP  transistors  studied  in  this  work  and  older  lateral  PNP 
processes  is  in  the  formation  of  the  emitter.  The  emitter  of  the 
lateral  PNP  studied  in  this  work  is  formed  from  a  p‘*’-poIysilicon 
diffusion  used  to  form  the  base  contact  of  the  NPN  BJT.  Since 
the  p'**-poIysiIicon  is  used  as  a  contact,  the  polysilicon  is  doped 
very  heavily,  resulting  in  a  heavily  doped  p-type  emitter  when 
diffused  into  the  silicon.  Alternatively,  in  older  processes,  the 
lateral  PNP  emitter  was  formed  from  the  base  diffusion  of  verti¬ 
cal  NPN  transistors. 

For  each  of  the  three  types  of  PNP  BJTs,  there  are  four  pos¬ 
sible  mechanisms  which  may  cause  current  gain  degradation. 
They  are:  (1)  depletion  of  the  p-type  emitter;  (2)  recombination 
at  the  base  surface;  (3)  electron  injection  into  the  emitter;  and 
(4)  surface  hole  depletion. 

The  first  mechanism,  depletion  of  the  p-type  emitter,  is  il¬ 
lustrated  in  Fig.  12(a).  Upon  exposure  to  ionizing  radiation, 
positive  charge  accumulates  in  the  oxide  over  the  emitter-base 
junction.  The  trapped  positive  oxide  charge  repels  holes  in  the 
p-type  emitter  and  also  accumulates  the  base,  resulting  in  the 
depletion  region  spreading  into  the  emitter  along  the  surface. 
The  depletion  of  the  surface  increases  the  recombination  (as  in 
the  base  of  NPN  BJTs),  which  results  in  an  excess  base  current. 
This  mechanism  is  most  significant  for  lightly  doped  emitters 
such  as  those  found  in  typical  lateral  PNPs  fabricated  in  older 
processes.  However,  the  emitter  of  the  lateral  PNP  studied  in 
this  work  is  a  heavily  doped  p-type  emitter.  Therefore,  deple¬ 
tion  of  the  emitter  is  not  very  great  in  the  lateral  devices  consid¬ 
ered  here  since  the  depletion  region  cannot  spread  very  far  into 
the  heavily  doped  emitter.  This  mechanism  is  also  small  in  the 
vertical  and  substrate  devices  since  they  both  typically  have 
heavily  doped  emitters.  However,  this  may  be  a  significant 
mechanism  in  other  technologies. 


Figure  1 1 :  Change  in  number  density  of  oxide  trapped  charge, 

and  interface  traps,  AN in  test  capacitors  representative  of 
the  oxide  above  the  base-emitter  junction  in  the  LPNP  tran¬ 
sistors. 
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Figure  12;  Illustration  of  positive  trapped  oxide  charge  (a  and  b)  and 
intertace  traps  (b)  over  the  emitter-base  junction  and  the  re¬ 
sulting  expansion  of  the  depletion  region  into  the  emitter 
region. 


The  second  mechanism  for  gain  degradation  in  PNP  BJTs  is 
increased  recombination  at  the  n-type  base  surface.  In  this  case, 
interface  traps,  schematically  illustrated  in  Fig.  12(b),  increase 
the  current  gain  degradation.  The  interface  traps  cause  the  re¬ 
combination  velocity  along  the  base  surface  to  increase.  How¬ 
ever,  the  trapped  positive  oxide  charge  accumulates  the  base 
surface  leading  to  a  condition  of  a  relatively  low  recombination 
rate  at  the  surface  since  recombination  is  maximum  when  the 
electron  and  hole  magnitude  is  equal.  These  are  competing  ef¬ 
fects  and  it  is  impossible  to  identify  the  dominant  effect  without 
further  modeling. 

The  discussion  of  the  two  remaining  mechanisms  utilizes 
SPISCES  simulations.  Simulations  of  the  lateral  PNP  assume 
Shockley-Read-Hall  recombination  using  concentration  depen¬ 
dent  lifetimes,  and  a  concentration  dependent  mobility  model. 
The  lateral  device  was  biased  with  the  emitter  grounded, 
the  base  at  -0.65  V,  the  collector  at  -2.0  V,  and  the  sub¬ 
strate  at  -3.0  V.  Radiation-induced  damage  to  the  device  is 
simulated  by  defining  an  areal  density  of  charges  in  the  oxide. 
The  magnitude  of  the  density  of  charges  is  defined  to  be  2x10^  ^ 
cm‘2,  which  is  on  the  same  order  as  that  obtained  through  ex¬ 
perimental  measurements  as  shown  in  Fig.  1 1 .  Surface  recom¬ 
bination  velocity  is  defined  to  be  proportional  to  the  inverse  of 
the  effective  electron  and  hole  lifetimes.  As  midgap  traps  in¬ 
crease,  the  effective  lifetimes  decrease,  which  results  in  an  in¬ 
crease  in  surface  recombination  velocity. 

The  third  mechanism  is  enhanced  electron  injection  into  the 
emitter.  Positive  oxide  charge  trapped  in  the  oxide  over  the 
emitter-base  Junction  accumulates  the  surface  of  the  base.  Ac¬ 
cumulation  of  the  base  locally  converts  the  emitter-base  Junc¬ 
tion  from  a  p^-n  Junction  to  a  p^-n^  Junction.  When  a  forward 
bias  is  applied  to  the  Junction,  holes  will  be  carried  from  the  p- 
type  emitter  to  the  n-type  base  and  electrons  will  be  carried  from 
the  n-type  base  to  the  p-type  emitter.  However,  since  the  base  is 
accumulated,  there  now  exist  many  more  electrons  which  may 
be  injected  into  the  emitter,  resulting  in  excess  base  current. 
Figure  13  is  an  SPISCES  generated  plot  displaying  the  magni¬ 
tude  of  the  electron  current  density  at  the  cutline  shown  in  the 
corresponding  lateral  structure.  Fig.  13  shows  that  with  no  net 
oxide  charge  present,  the  magnitude  of  the  electron  current  den¬ 
sity  at  the  left  end  of  the  cutline,  directly  under  the  emitter-base 
metallurgical  Junction,  is  0.7  A/cm^.  As  the  cutline  is  traversed 


to  the  right,  away  from  the  emitter,  the  magnitude  ot  the  elec¬ 
tron  current  density  falls  to  zero.  Conversely,  the  curve  which 
plots  electron  current  density  with  charge  present  in  the  oxide 
(2x  10^2  q^-2)  shows  that  as  the  cutline  is  traversed  to  the  right, 
the  magnitude  of  the  electron  current  density  increases  from 
0.7  A/cm2  to  a  maximum  of  nearly  2  A/cm^.  This  illustrates 
an  increase  of  base  current  due  to  back-injected  electrons. 

The  last  mechanism  to  be  discussed  is  related  to  the  path 
followed  by  the  holes  injected  into  the  base.  As  positive  oxide 
charge  increases,  holes  are  driven  away  from  the  surface.  As  the 
holes  are  forced  deeper  into  the  structure,  the  path  that  the  holes 
must  travel  to  reach  the  collector  becomes  longer,  in  effect,  mak¬ 
ing  the  base  appear  longer.  A  longer  base  gives  the  holes  more 
opportunity  to  recombine  before  they  reach  the  collector.  Also, 
the  recombination  rate  increases  due  to  the  holes  traveling  to¬ 
ward  the  n"*"  buried  layer.  The  lifetime  of  the  holes  is  decreased 
since  the  holes  are  pushed  to  an  area  of  heavier  doping  resulting 
in  increased  recombination.  Figure  14  is  an  SPISCES  gener¬ 
ated  plot  showing  the  magnitude  of  the  hole  current  density  at 
the  cutline  shown  in  the  corresponding  lateral  structure.  The 
curve  which  represents  hole  current  density  with  no  net  oxide 
charge,  shows  that  directly  under  the  Si/Si02  interface,  at  0p.m 
along  the  cutline,  the  magnitude  of  the  hole  current  density  is 
approximately  120  A/cm^.  The  curve  which  represents  hole  cur¬ 
rent  density  with  net  density  of  charge  in  the  oxide  of  2x10*2 
cm'2  demonstrates  that  the  holes  are  forced  away  from  the  sur¬ 
face,  since  at  the  same  cutline  position  as  above,  the  magnitude 
of  the  hole  current  density  is  0  A/cm2.  Also  notice  that  the  peak 
of  the  hole  current  density  has  shifted  approximately  0.2  [im 
below  the  surface  when  charge  is  present  in  the  oxide.  This 
demonstrates  that  the  holes  are  forced  subsurface  and  must  travel 
a  longer  path  when  net  oxide  charge  is  present.  This  decrease  in 
hole  current  density,  or  equivalently  collector  current  density, 
was  illustrated  in  Fig.  6(b)  for  the  lateral  PNP  BJT,  even  though 
the  change  in  collector  current  was  shown  to  be  much  smaller 
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Figure  13:  SPISCES  simulation  of  electron  current  density  near  the 
base-emitter  junction  that  shows  effect  of  excess  base  cur¬ 
rent  due  to  back-injected  electrons.  The  cut- line  (represented 
by  the  arrow)  is  Just  under  the  Si-SiO^  interface  below  the 
base-emitter  junction  with  the  origin  at  the  junction  (see 
graph  inset  and  Fig.  1). 
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Figure  14:  SPISCES  simulation  of  hole  current  density  midway  be¬ 
tween  the  base-emitter  and  base-collector  junctions  at  the 
Si-SIOj  interface.  This  illustrates  how  alters  the  path 
injected  holes  must  travel  en  route  to  the  collector.  The  ori¬ 
gin  of  the  cut-line  (represented  by  the  arrow)  is  at  the  Si- 
SiO,  interface  (see  graph  inset  and  Fig.  1). 


than  the  change  in  base  current  for  the  lateral  PNP.  Although, 
the  movement  of  holes  with  charge  present  contributes  to  excess 
base  current.  As  holes  are  forced  away  from  the  surface,  recom¬ 
bination  is  increased  which  results  in  excess  base  current. 

IV  C  Lateral/Substrate/Vertical  PNP  Comparison 

Due  to  their  differing  structures,  each  of  the  three  PNP  BJTs 
is  affected  by  the  mechanisms  discussed  above  to  differing  de¬ 
grees.  The  vertical  and  substrate  PNPs  have  similar  structures, 
but  a  very  different  structure  than  that  of  the  lateral  PNP.  Since 
the  substrate  and  lateral  devices  considered  in  this  work  were 
fabricated  in  the  same  process  and  have  identical  emitters,  the 
comparison  will  focus  on  the  differences  in  the  ionizing-radia- 
tion-induced  degradation  mechanisms  of  the  lateral  and  substrate 
devices.  The  vertical  and  substrate  PNPs  may  be  treated  in  the 
same  way  in  these  comparisons  due  to  their  similar  structures. 

If  the  lateral  and  substrate  devices  considered  here  share  iden¬ 
tical  emitters,  then  why  does  the  lateral  device  suffer  more  se¬ 
vere  current  gain  degradation  when  exposed  to  ionizing  radia¬ 
tion?  The  answer  lies  in  the  differing  active  base  regions  of  the 
devices. 

In  the  substrate  PNP,  the  active  base  lies  under  the  p-type 
emitter,  resulting  in  the  current  traveling  vertically.  Therefore, 
surface  effects  such  as  recombination  at  the  surface  and  surface 
hole  depletion  are  minimized.  The  only  current  within  the  ver¬ 
tical  structure  which  may  be  affected  by  the  surface  mechanisms 
mentioned  above  is  the  current  which  flows  laterally  from  the 
sides  of  the  emitter.  The  small  influence  of  these  mechanisms 
on  the  substrate  PNP  makes  this  device  relatively  hard  to  ioniz¬ 
ing  radiation.  Also,  depletion  of  the  p-type  emitter  and  electron 
injection  into  the  emitter  do  not  produce  large  amounts  of  deg¬ 
radation  since  the  emitter  is  heavily  doped. 

For  the  lateral  PNP  device,  the  active  base  region  is  the  por¬ 
tion  of  the  base  which  lies  between  the  p-type  emitter  and  col¬ 


lector,  resulting  in  current  flowing  laterally  along  the  surface. 
The  surface  mechanisms,  such  as  recombination  at  the  base  sur¬ 
face  and  surface  hole  depletion,  which  were  not  as  great  in  the 
substrate  device  above,  play  much  more  significant  roles  in  the 
lateral  device.  As  holes  travel  laterally  along  the  base  from  emit¬ 
ter  to  collector,  they  may  be  lost  to  recombination  at  the  surface 
or  may  be  pushed  away  from  the  surface.  If  the  holes  are  forced 
away  from  the  surface,  they  suffer  a  greater  probability  of  re¬ 
combining,  since  the  path  that  they  travel  becomes  longer  and 
the  depth  to  which  they  travel  is  a  region  of  lower  lifetime  as 
shown  in  section  IV.B.  above.  These  two  significant  mecha¬ 
nisms  combined  make  the  lateral  PNP  suffer  much  more  severe 
gain  degradation  than  the  substrate  PNP.  Depletion  into  the  emit¬ 
ter  and  electron  injection  into  the  emitter  are  comparable  for  all 
the  device  types. 

V.  Summary 

The  effects  of  ionizing  radiation  on  lateral  and  substrate  PNP 
structures  are  different  from  the  effects  on  vertical  PNP  struc¬ 
tures.  Of  the  three  PNPs  considered  here,  the  current  gain  of  the 
lateral  PNP  suffers  the  most  current  gain  degradation  while  the 
vertical  suffers  the  least  current  gain  degradation  due  to  ioniz- 
ing-radiation.  As  the  dose-rate  decreases,  the  current  gain  de¬ 
creases  as  a  result  of  more  trapped  positive  oxide  charge  and 
interface  charge  present  In  the  oxide  at  lower  dose-rates.  The 
current  gain  degradation  in  the  lateral,  substrate,  and  vertical 
devices  is  mainly  due  to  excess  base  current  However,  in  the 
lateral  PNP,  a  second  order  contributor  to  current  gain  degrada¬ 
tion  is  present  in  that  the  collector  current  decreases  slightly. 

Experiment  and  simulation  were  coupled  to  provide  insight 
into  the  physical  mechanisms  for  ionizing-radiation-induced  gain 
degradation  in  the  lateral,  substrate,  and  vertical  PNPs.  Four 
mechanisms  were  examined  in  detail.  The  lateral  and  substrate 
devices  were  compared  since  these  two  devices  were  fabricated 
in  the  same  process  and  have  identical  emitters.  Current  gain 
degradation  is  more  severe  in  the  lateral  PNP  than  in  the  sub¬ 
strate  PNP  due  to  the  structure  of  the  lateral  device.  In  the  lat¬ 
eral  device,  current  flow  is  along  the  surface,  and  is  affected  by 
surface  mechanisms,  such  as  recombination  at  the  surface  and 
surface  hole  depletion.  These  surface  effects  lengthen  the  cur¬ 
rent  path  in  the  lateral  device  as  holes  are  forced  away  from  the 
surface.  The  substrate  device,  on  the  other  hand,  is  harder  to 
radiation  due  to  the  current  flowing  vertically  through  the  de¬ 
vice.  The  path  of  the  vertical  current  flow  is  unaffected  by  the 
surface  mechanisms  which  affect  the  lateral  device. 

Acknowledgments 

This  work  was  supported  by  DNA,  NSWC-Crane,  the  Dept, 
of  Energy  and  Sandia  National  Laboratories  through  Contract 
No.  DE-AC04-94AL85000.  The  authors  wish  to  thank  Mike 
DeLaus  and  Andre  Martinez  of  Analog  Devices,  Inc.,  for  their 
cooperation  in  providing  process  information  and  devices  in 
support  of  the  experimental  effort.  In  addition,  the  authors  are 
grateful  to  Lew  Cohn  of  DNA,  Nathan  Nowlin  of  Philips  Semi¬ 
conductor,  Peter  Winokur  and  Paul  Dodd  of  Sandia  National 


257 


Laboratories,  and  Dave  Emily  of  the  NS  WC-Crane  for  their  in¬ 
terest  in  this  work.  The  assistance  of  Harry  Doane  and  Wayne 
Lohmeier  of  the  Nuclear  Eng.  Dept,  of  the  University  of  Ari¬ 
zona,  and  Leonard  C.  Riewe  of  Sandia  National  Laboratories  is 
gratefully  appreciated.  The  technical  support  of  Andy  Strachan, 
Lloyd  Evans,  and  Peter  Hopper  of  Silvaco,  International  was 
especially  helpful  during  this  project. 

References 

[  I  ]  R.L.  Pease,  R.M.  Turfler,  D.  Platteter,  D.  Emily,  and  R.  Blice, 
“Total  Dose  Effects  in  Recessed  Oxide  Digital  Bipolar  Mi¬ 
crocircuits,”  IEEE  Trans.  NucL  5d.,  vol.  NS-30,  pp.  4216- 
4223, 1983. 

[2]  E.W.  Enlow,  R.L.  Pease,  W.E.  Combs,  R.D.  Schrimpf,  and 
R.N.  Nowlin,  “Response  of  Advanced  Bipolar  Processes  to 
Ionizing  Radiation,”  IEEE  Trans.  NucL  ScL,  vol.  NS-38,  pp. 
1342-1351,  1991. 

[3]  R.N.  Nowlin,  R.D.  Schrimpf,  E.W.  Enlow,  W.E.  Combs, 
and  R.L.  Pease,  “Mechanisms  of  lonizing-Radiation-In- 
duced  Gain  Degradation  in  Modern  Bipolar  Devices,” 
in  Proc.  1991  IEEE  Bipolar  Circuits  and  Tech.  Mtg.,  pp. 
174-177,  1991. 

[4]  R.N.  Nowlin,  E.W.  Enlow,  R.D.  Schrimpf,  and  W.E.  Combs, 
‘Trends  in  the  Total-Dose  Response  of  Modem  Bipolar  Tran¬ 
sistors,”  IEEE  Trans.  NucL  ScL,  vol.  39,  pp.  2026-2035, 
1992. 

[5]  S.L.  Rosier,  R.D.  Schrimpf,  R.N.  Nowlin,  D.M.  Fleetwood, 
M.  DeLaus,  R.L.  Pease,  W.E.  Combs,  A.  Wei,  and  F.  Chai, 
“Charge  Separation  for  Bipolar  Transistors,”  IEEE  Trans. 
NucL  ScL,  vol.  40,  no.  6,  pp.  1276-1285,  1993. 

[6]  S.L.  Rosier,  A.  Wei,  R.D.  Schrimpf,  D.M.  Fleetwood,  and 
M.  DeLaus,  “Physically-Based  Comparison  of  Hot-Carrier- 
Induced  and  lonizing-Radiation-Induced  Degradation  in 
BJTs,”  IEEE  Trans.  Electron  Devices,  vol.  42,  pp.  436-444, 
1995. 

[7]  S.L.  Rosier,  W.E.  Combs,  A.  Wei,  R.D.  Schrimpf,  D.M. 
Fleetwood,  M.  DeLaus,  and  R.L.  Pease,  “Bounding  the  To¬ 
tal-Dose  Response  of  Modern  Bipolar  Transistors,”  IEEE 
Trans.  NucL  ScL,  vol.  41,  pp.  1864-1870,  1994. 

[8]  V.G.R.  Reddi,  “Influence  of  Surface  Conditions  on  Silicon 


Planar  Transistor  Current  Gain,”  SoUd-St.  Electronics,  vol. 
10,  pp.  305-334,  1967. 

[9]  A.S.  Grove  and  D.J.  Fitzgerald,  “Surface  Effects  on  p-n 
Junctions:  Characteristics  of  Surface  Space-Charge  Regions 
Under  Non-Equilibrium  Conditions,”  Solid-State  Electron¬ 
ics,  vol.  9,  pp.  783-806,  1966. 

[10]  R.N.  Nowlin,  D.M.  Fleetwood,  and  R.D.  Schrimpf,  “Satu¬ 
ration  of  the  Dose-Rate  Response  of  Bipolar  Transistors 
Below  10  rad(Si02)/s  :  Implications  for  Hardness  As¬ 
surance,”  IEEE  Trans.  NucL  ScL,  vol.  4 1 ,  pp.  2637-264 1 , 
1994. 

[1 1]  A.H.  Johnston,  G.M.  Swift,  and  B.G.  Rax,  “Total  Dose  Ef¬ 
fects  in  Conventional  Bipolar  Transistors  and  Linear  Inte¬ 
grated  Circuits,”  IEEE  Trans.  NucL  ScL,  vol.  41,  pp.  2427- 
2436,  1994. 

[12] S.  McClure,  R.L.  Pease,  W.  Will,  and  G.  Perry,  “Depen¬ 
dence  of  Total  Dose  Response  of  Bipolar  Linear  Microcir¬ 
cuits  on  Applied  Dose-rate,”  IEEE  Trans.  NucL  ScL,  vol. 
41,  pp.  2544-2549,  1994. 

[  13]  J.  Beaucour,  T.  Carriere,  A.  Gach,  and  P.  Poirot,  “Total  Dose 
Effects  on  Negative  Voltage  Regulator,”  IEEE  Trans.  NucL 
ScL,  vol.  41,  pp.  2420-2426,  1994. 

[  14]  S.  Feindt,  J.-J.J.  Hajjar,  J.  Lapham,  and  D.  Buss,  “XFCB:  A 
High  Speed  Complementary  Bipolar  Process  on  Bonded 
SOI,”  in  Prve.  IEEE  Bipolar  Circuits  and  Tech.  Mtg.,  pp. 
264-267,  1992. 

[15]  R.  O,  P.  Garone,  C.  Tsai,  B.  Scharf,  M.  Higgins,  D.  Mai,  C. 
Rermarrec,  and  J.  Yasaitis,  “A  Double-Polysilicon  Self- 
Aligned  npn  Bipolar  Process  (ADRF)  with  Optional  NMOS 
Transistors  for  RF  and  Microwave  Applications,”  IEEE 
BCTM  Proceedings,  vol.  pp.  221-224,  1994. 

[16]  D.M.  Fleetwood,  S.S.  Tsao,  and  P.S.  Winokur,  ‘Total-Dose 
Hardness  Assurance  Issues  for  SOI  MOSFETs,”  IEEE  Trans. 
NucL  ScL,  vol.  35,  pp.  1361-1368,  1988. 

[17]  D.M.  Fleetwood,  S.L.  Rosier,  R.N.  Nowlin,  R.D.  Schrimpf, 
R.A.  Reber  Jr.,  M.  DeLaus,  P.S.  Winokur.  A.  Wei,  W.E. 
Combs,  and  R.L.  Pease,  “Physical  Mechanisms  Contribut¬ 
ing  to  Enhanced  Bipolar  Gain  Degradation  At  Low  Dose 
Rates,”  IEEE  Trans.  NucL  Sci,  vol.  4 1 ,  pp.  1871-1 883,  1 994. 

[18] R.S.  Muller  and  T.I  Ramins,  Device  Electronics  for  Inte¬ 
grated  Circuits,  Wiley,  New  York,  1986,  p.  366. 


258 


V.L.  Hardness  Assurance  Issues  for  Lateral  PNP 
Bipolar  Junction  Transistors 


259 


Hardness- Assurance  Issues  for 
Lateral  PNP  Bipolar  Junction  Transistors* 


R.D.  Schrimpft,  R.J.  Gravest,  D.M.  Schmidf'',  D.M.  Fleetwood'*, 
R.L.  Pease'*,  W.E.  Combst,  and  M.  DeLausi 

‘University  of  Arizona,  ECE  Department,  Tucson,  AZ  8572 1 
^Sandia  National  Laboratories,  Albuquerque,  NM  87185 
>^RLP  Research,  Albuquerque,  NM  87122 
tNaval  Surface  Warfare  Center-Crane,  Crane,  IN  47522 
?iAnalog  Devices,  Inc,,  Wilmington,  MA  01887 


Abstract 

The  dose-rate  dependence  of  gain  degradation  in  lateral  PNP 
transistors  is  even  stronger  than  the  dependence  previously  re¬ 
ported  for  NPN  BJTs.  In  this  work,  several  hardness-assurance 
approaches  are  examined  and  compared  to  experimental  results 
obtained  at  low  dose  rates.  The  approaches  considered  include 
irradiation  at  high  dose  rates  while  at  elevated  temperature  and 
high-dose-rate  irradiation  followed  by  annealing.  The  lateral  PNP 
transistors  continue  to  degrade  during  post- irradiation  anneal¬ 
ing,  in  sharp  contrast  to  NPN  devices  studied  previously.  High- 
temperature  conditions  significantly  increase  the  degradation 
during  high-dose-rate  irradiation,  with  the  amount  of  degrada¬ 
tion  continuing  to  increase  with  temperature  throughout  the  range 
studied  here  (up  to  1 25°C).  The  high-temperature  degradation  is 
nearly  as  great  as  that  observed  at  very  low  dose  rates,  and  is 
even  greater  when  differences  between  60Co  and  x-ray  irradia¬ 
tion  are  accounted  for.  Since  high-temperature  irradiation  has 
previously  been  shown  to  enhance  the  degradation  in  NPN  tran¬ 
sistors,  this  appears  to  be  a  promising  hardness-assurance  ap¬ 
proach  for  bipolar  integrated  circuits.  Based  on  these  results, 
preliminary  testing  recommendations  are  discussed. 

L  Introduction 

Early  failure  of  analog  integrated  circuits  irradiated  at  low  dose 
rates  has  recently  been  attributed  to  current  gain  degradation  of 
lateral  PNP  transistors  (LPNPs)[l-3).  The  LPNP  is  commonly 
used  as  an  input  device,  active  load,  or  current  source  in  opera¬ 
tional  amplifiers,  voltage  regulators,  comparators,  A/D  convert¬ 
ers,  and  other  analog  ICs.  This  paper  critically  examines  several 
hardness-assurance  approaches  for  LPNPs  irradiated  at  space¬ 
like  dose  rates. 

When  bipolar  devices  are  exposed  to  ionizing  radiation,  oxide 
trapped  charge  accumulates  in  the  oxides  that  cover  the  device 
surface.  In  addition,  near-midgap  slates  generated  at  the  Si/SiCh 
interface  increase  the  effective  surface  recombination  velocity. 
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These  effects  have  been  studied  extensively  in  NPN  transistors, 
where  they  combine  to  cause  an  increase  in  the  base  current, 
resulting  in  a  reduction  in  DC  current  gain  [4-9].  The  current 
gain  degradation  in  some  NPN  devices  depends  strongly  on  the 
dose  rate — lower  dose  rates  result  in  greater  gain  degradation. 
This  dose-rate  dependence  and  the  inability  of  high-rate  irradia¬ 
tion  and  anneal  tests  to  simulate  low-rate  response  [4,7]  present 
challenges  in  devising  hardness-assurance  methods  for  analog 
ICs  containing  NPN  bipolar  transistors.  It  has  been  suggested, 
however,  that  irradiation  at  elevated  temperature  may  provide  a 
reasonable  estimate  of  low-dose-rate  response  [10]. 

In  this  work,  we  examine  hardness-assurance  issues  for  lateral 
PNP  transistors.  The  approaches  considered  include  irradiation 
at  high  dose  rates  while  at  elevated  temperature  and  high-dose- 
rate  irradiation  followed  by  annealing.  As  in  NPN  devices,  high- 
temperature  significantly  increases  gain  degradation  during  high- 
dose-rate  irradiation.  The  high-temperature  degradation  is  nearly 
as  great  as  that  observed  at  very  low  dose  rates  (and  is  even 
greater  when  source  differences  are  accounted  for),  which  sug¬ 
gests  that  this  is  a  promising  hardness-assurance  approach  for 
bipolar  integrated  circuits.  The  results  obtained  from  the  lateral 
PNP  transistors  are  compared  to  those  for  vertical  NPN  and  sub¬ 
strate  PNP  transistors  fabricated  in  the  same  technology.  The 
lateral  PNP  transistors  continue  to  degrade  during  post-irradia¬ 
tion  annealing,  in  sharp  contrast  to  NPN  devices  studied  previ¬ 
ously.  However,  degradation  during  post-irradiation  annealing 
is  not  as  great  as  that  produced  by  high-temperature  irradiation. 

11.  Experimental  Prcxiedure 

Experiments  were  performed  at  the  University  of  Arizona  and 
Sandia  National  Laboratories.  Transistors  from  the  same  wafer 
lot  were  tested  in  all  experiments.  The  transistors  tested  were 
from  a  development  version  of  the  Analog  Devices,  Inc.  ADRF 
process  [1 1].  A  cross  section  of  the  LPNP  device  is  shown  m 
Fig.  1.  The  thickness  of  the  oxide  covering  the  base  region  is 
600  nm. 

Each  twenty-eight-pin  DIP  package  contained  five  bipolar  de* 
vices:  two  LPNPs,  one  substrate  PNP,  and  two  vertical  NPNs. 
The  LPNPs  exhibit  the  most  degradation,  so  the  expenmenis 
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Fig.  1  Cross  section  of  lateral  PNP  device  from  development  ver¬ 
sion  of  Analog  Devices  ADRF  technology. 


focused  on  understanding  their  response.  However  the  other 
device  types  were  characterized  and  compared  to  the  LPNPs. 
Device  terminals  were  grounded  during  irradiation  for  all  the 
results  reported  here,  since  negligible  irradiation- bias  dependence 
was  observed  in  preliminary  experiments  during  which  devices 
also  were  irradiated  with  a  reverse  bias  of  -2  V  on  the  emitter- 
base  junction. 

The  experiments  at  Sandia  National  Laboratories  were  performed 
using  a  10  keV  ARACOR  4100  semiconductor  x-ray  radiation 
source.  Devices  were  irradiated  at  1.8,  10,  70,  and  167 
rad(Si02)/s.  Additional  devices  were  irradiated  to  a  total  dose  of 
100  krad{Si02);  the  irradiation  temperature  ranged  from  room 
temperature  to  125®C.  Some  of  the  irradiated  devices  were 
subjected  to  isochronal  annealing  at  temperatures  ranging  from 
room  temperature  to  1 25 ®C.  At  each  temperature,  the  devices 
were  annealed  for  30  minutes. 

Low-dose-rate  tests  were  conducted  at  the  University  of  Ari¬ 
zona  using  a  60Co  room  source  at  dose  rates  of  0.01,  0.05,  and 
0. 1  rad(Si02Vs,  and  in  a  60Co  sealed  pit  source  at  a  dose  rate  of 
1.8  rad(Si02)/s.  The  highest  total  dose  for  these  tests  was  100 
kradfSiOi).  The  x-ray  and  60Co  sources  were  compared  using 
results  from  the  1 .8  radfSiC^Vs  irradiations  conducted  in  the  x- 
ray  source  at  Sandia  National  Laboratories  and  the  60Co  source 
at  the  University  of  Arizona.  Devices  were  unlidded  during  these 
tests,  and  dosimetry  was  similar  to  that  described  in  previous 
work  [12]. 

Device  characterization  for  the  LPNPs  consisted  of  Gummel 
sweeps  with  the  emitter  grounded,  the  collector  at  -2  V,  the  sub¬ 
strate  at  -3  V,  and  the  base  voltage  ranging  from  0  to  -1  V. 


Fig.  2  Pre-irradiation  and  post-irradiation  Gummel  plots  for  a  lat¬ 
eral  PNP  device  irradiated  to  a  total  dose  of  100 
krad(Si02)  at  a  dose  rate  of  167  rad(SiO,)/s. 


III.  Results 

III  A,  Excess  Base  Current 

Figure  2  shows  pre-irradiation  and  post-irradiation  Gummel  plots 
(log  (/a  and  /c)  vs.  V^s)  for  a  lateral  PNP  device  that  was  irradi¬ 
ated  to  a  total  dose  of  100  krad(Si02)  at  a  dose  rate  of  167 
rad(Si02)/s,  where  1$  is  the  base  current,  Ic  is  the  collector  cur¬ 
rent,  and  is  the  emitter-base  voltage.  Figure  3  shows  the 
normalized  current  gain,  p/po,  vs.  Vgs  for  the  device  of  Fig.  2 
and  also  for  another  device  irradiated  to  a  total  dose  of  100 
krad(SiC)2)  at  a  dose  rate  of  0.05  rad(Si02)/s.  The  current  gain, 
P,  is  defined  as  the  ratio  of  collector  current  to  base  current,  /c^/g, 
and  po  is  the  peak  pre-irradiation  current  gain.  In  these  devices, 
the  gain  degradation  is  significantly  worse  at  low  dose  rates. 
Some  of  the  increased  degradation  at  low  dose  rates  is  due  to  a 
difference  in  initial  charge  yield  for  x-ray  and  60Co  irradiations, 
as  discussed  below.  However,  this  difference  is  sufficient  to  ex¬ 
plain  only  a  portion  of  the  dose-rate  effect  illustrated  here. 

The  gain  degradation  is  primarily  due  to  the  presence  of  Increased 
base  current  in  irradiated  devices,  although  there  is  also  a  small 
amount  of  reduction  in  the  collector  current  that  is  not  visible  in 
Fig,  2.  The  excess  base  current,  A/g  =  /g  -  /go,  is  plotted  vs 
in  Fig.  4  for  the  same  devices  considered  in  Fig.  3.  where  /go  is 
the  pre-irradiation  base  current.  This  quantity  will  serve  as  a 
convenient  metric  in  comparing  the  different  radiation  and  an¬ 
neal  conditions  described  above. 

II LB.  X-Ray-^Co  Comparison 

X-ray  sources  provide  a  convenient  means  of  performing  high- 
dose-rate  irradiations,  including  irradiations  at  elevated  tempera¬ 
ture.  However,  it  is  necessary  to  compare  the  x-ray  and 
responses.  In  previous  work,  it  was  shown  that  the  ratio  of 
A/g(60Co)  to  A/g(x-ray)  for  irradiated  NPN  transistors  depends 
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Fig.  3  Normalized  current  gain  vs.  emitter-base  voltage  for  LPNP 
devices  irradiated  to  a  total  dose  of  \G0  lcrad(SiOj)  at  two 
different  dose  rates.  A  pre- irradiation  curve  is  shown  for  com¬ 
parison.  The  dependence  on  source  type  is  discussed  in  the 
text. 


Fig.  4  Excess  base  current  vs.  emitter-base  voltage  for  LPNP  de¬ 
vices  irradiated  to  a  total  dose  of  100  krad(Si02)  at  two  dif¬ 
ferent  dose  rates.  The  dependence  on  source  type  is  discussed 
in  the  text. 

on  dose  rate»  total  dose,  and  electric  field  in  the  oxide  [7].  In 
Ref.  [7],  the  ratio  was  approximately  two  for  devices  irradiated 
with  =  0  V  at  150  radfSi02)/s,  but  was  close  to  unity  for 
devices  irradiated  at  10  rad(Si02)/s. 

Devices  were  irradiated  to  a  total  dose  of  100  krad(Si02)  at  a 
dose  rate  of  1 .8  rad(Si02)/s  using  the  Sandia  National  Laborato¬ 
ries  x-ray  source  and  the  University  of  Arizona  60Co  source.  The 
excess  base  current  is  plotted  vs.  V^b  in  Fig.  5.  The  excess  base 
current  for  the  60Co  irradiation  is  two  to  three  times  greater  than 
that  for  the  x-ray  irradiation.  This  result  is  consistent  with  a  pre¬ 
vious  x-ray-^^KTo  comparison  for  a  recessed-oxide  bipolar  tech¬ 
nology  [13].  In  this  work,  the  failure  dose  was  about  two  times 
greater  for  devices  irradiated  using  x  rays  than  for  those  irradi¬ 


Fig.  5  Excess  base  current  vs.  emitter-base  voltage  for  devices  irra¬ 
diated  to  a  total  dose  of  100  krad(SiO,)  at  a  dose  rate  of  1 .8 
rad(SiO,)/s.  One  device  was  irradiated  in  a  Co-60  source  while 
the  other  was  irradiated  in  a  10  keV  x-ray  source. 


Fig.  6  Excess  base  current  at  =  0.7  V  vs.  dose  rate  for  devices 
irradiated  to  a  total  dose  of  100  krad(SiO0.  Data  are  shown 
for  Co-60  and  x-ray  irradiations. 


ated  using  a  60Co  source.  It  also  agrees  with  previous  results  for 
thick  oxides  irradiated  at  low  electric  fields  [14],  which  found 
significantly  more  degradation  in  buried  oxides  that  were  irradi¬ 
ated  with  60Co.  In  the  buried-oxide  devices,  three  times  more 
dose  was  required  to  produce  the  same  threshold-voltage  shift 
when  x-ray  irradiations  were  used.  The  difference  is  due  prima¬ 
rily  to  increased  initial  electron-hole  recombination  during  low- 
energy  x-ray  irradiations  [14,15]. 

It  is  important  to  note  that  the  excess  base  current  does  not  have 
to  depend  linearly  on  the  total  dose  [9].  Thus,  the  factor  of  ap¬ 
proximately  three  in  the  excess  base  current  does  not  necessar¬ 
ily  translate  to  a  factor  of  three  in  dose  equivalent.  For  compari¬ 
son  purposes,  the  x-ray  data  presented  below  have  been  scaled 
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Fig.  7  Excess  base  current  vs.  total  dose  for  devices  irradiated  at  a  variety  of  dose  rates.  The  data  at  the  two  highest  dose  rates  (dotted  lines)  are 
from  x>ray  irradiations  and  the  two  lowest  dose  rates  (solid  lines)  are  from  **Klo  irradiations.  The  x-ray  data  have  been  scaled  to  account 
for  the  source  dependence  discussed  in  section  Hl.B,  A  high  temperature  x-ray  irradiation  (dashed  line)  is  included  for  comparison. 


by  the  A/fl(60Co)  to  A/fl(x-ray)  ratio  determined  from  averaging 
the  excess  base  current  at  Vbe  =  0.7  V  for  five  devices  irradiated 
at  1.8  rad(Si02)/s  in  the  60Co  source  and  comparing  it  to  the 
average  of  two  devices  irradiated  at  1 .8  rad(Si02)/s  in  the  x-ray 
source.  The  part-to-part  variation  was  very  small  relative  to  the 
average  difference  between  the  sources.  The  ratio  determined  in 
this  manner  is  2.76.  This  ratio  may  be  different  for  other  tech¬ 
nologies  and  it  should  also  be  studied  as  a  function  of  dose  rate. 
However,  it  provides  a  useful  means  of  comparing  the  high-  and 
low-dose-rate  results  discussed  here. 

IILC.  Dose-Rate  Effects 

Much  of  the  concern  about  hardness-assurance  for  bipolar  inte¬ 
grated  circuits  has  resulted  from  the  presence  of  enhanced  deg¬ 
radation  in  devices  irradiated  at  low  dose  rates.  For  NPN  tran¬ 
sistors  described  in  previous  work,  the  degradation  was  signifi¬ 
cantly  higher  for  devices  irradiated  below  10  rad(Si02)/s  than 
for  devices  irradiated  above  100  rad(Si02ys  [8].  The  experiments 
described  here  were  designed  to  obtain  similar  information  about 
the  dose- rate  response  of  the  LPNP  transistors  studied  in  this 
work. 

Figure  6  displays  the  excess  base  current  measured  at  - 
0.7  V  vs.  dose  rate  for  LPNP  devices  irradiated  to  a  total  dose  of 
100  krad(Si02).  This  figure  also  clearly  indicates  the  difference 
between  x-ray  and  60Co  described  above.  The  response  is  quali¬ 
tatively  the  same  at  all  values  of  Vgg  examined  (between  0.6  V 
and  0.8  V,  the  most  usable  portion  of  the  device  characteristics). 
There  is  approximately  ten  times  more  excess  base  current  in 
the  devices  irradiated  at  the  lowest  dose  rates  using  60Co  than  in 
the  devices  irradiated  at  167  rad(Si02)/s  using  x-rays,  illustrat¬ 


ing  the  strong  dose-rate  dependence  in  these  parts.  Because  this 
difference  is  partially  due  to  the  difference  in  source  types,  the 
data  in  the  figures  below  have  been  scaled  by  the  ratio  deter¬ 
mined  in  section  Hl.B,  as  noted. 

The  excess  base  current  is  plotted  vs.  total  dose  for  devices  irra¬ 
diated  at  several  dose  rales  in  Fig.  7.  The  x-ray  data  have  been 
scaled  to  account  for  the  source  differences.  The  devices  irradi¬ 
ated  at  the  lowest  dose  rate  (0.01  rad(Si02)/s)  received  a  maxi¬ 
mum  total  dose  of  30  krad(Si02),  while  the  devices  irradiated  at 
the  higher  dose  rates  received  a  maximum  total  dose  of  100 
krad(Si02)-  There  is  significantly  more  excess  base  current  in 
devices  irradiated  at  low  dose  rates  for  all  of  the  total-dose  lev¬ 
els  examined.  For  comparison  purposes,  a  curve  is  included  for 
irradiation  at  167  rad(Si02)/s  at  100°C.  This  irradiation  condi¬ 
tion  produces  more  degradation  than  any  of  the  low-dose-rate 
irradiations,  once  source  differences  have  been  accounted  for. 

The  goal  of  the  remaining  experiments  described  in  this  paper  is 
to  predict  the  degradation  at  the  low  dose  rates  using  more  con¬ 
venient  high-dose-rate  measurements.  The  approaches  consid¬ 
ered  are  high-temperature  irradiation  at  high  dose  rates  and  irra¬ 
diation  at  high  dose  rates  followed  by  annealing. 

III.D,  High-Temperature  Irradiation 

It  was  previously  suggested  that  irradiating  devices  at  elevated 
temperature  may  be  an  effective  technique  for  predicting  low- 
dose-rate  gain  degradation  in  NPN  bipolar  transistors  [10).  The 
high-temperature  irradiation  method  was  proposed  based  on 
evidence  that  there  is  a  higher  density  of  net  positive  charge  in 
the  oxides  covering  emitter-base  junctions  w  hen  the  devices  are 
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Fig.  8  Excess  base  current  at  ^  =  0.7  V  vs.  irradiation  temperature 
for  LPNP  devices  irradiated  to  100  kradfSiOp  at  167 
rad(SiOj/s  in  the  x-ray  source.  The  dashed  line  indicates  the 
excess  base  current  measured  in  devices  irradiated  at  0.1 
radCSiOjVs  room  temperature  in  the  *^0  source.  The  x-ray 
data  have  been  scaled  to  account  for  source  differences. 

irradiated  at  low  dose  rates.  This  was  attributed  to  space-charge 
effects  associated  with  slowly  transporting  and/or  metastably 
trapped  holes  in  the  oxide.  There  are  more  of  these  holes  in  the 
oxide  at  high  dose  rates,  causing  holes  to  be  trapped  (on  aver¬ 
age)  slightly  closer  to  the  Si/SiO:  interface  where  more  of  them 
will  be  neutralized  by  electrons  from  the  substrate.  At  high  tem¬ 
perature,  the  hole  transport  is  speeded  up  and/or  the  delocalized 
hole  traps  responsible  for  the  long-term  hole  transport  are  neu¬ 
tralized.  Thus,  high  temperature  irradiation  should  produce  con¬ 
ditions  more  closely  approximating  those  of  low-dose-raie  irra¬ 
diation  [10].  The  experiment  described  here  was  designed  to  test 
the  applicability  of  this  theory  for  a  different  class  of  devices 
than  that  previously  examined. 

Devices  were  irradiated  at  temperatures  of  24,  45,  60,  80,  100, 
and  125®C  using  a  dose  rate  of  167  rad(Si02)/s  in  the  x-ray 
source.  Figure  8  shows  the  excess  base  current  at  Vsb  =  0.7  V  for 
LPNP  devices  irradiated  to  100  krad(Si02).  For  comparison,  the 
dashed  line  represents  the  degradation  in  devices  irradiated  at 
O.l  rad(Si02)/s,  but  at  room  temperature.  The  excess  base  cur¬ 
rent  increases  approximately  linearly  with  irradiation  tempera¬ 
ture  in  this  temperature  range.  The  excess  base  current  for  irra¬ 
diation  at  125°C  is  nearly  equal  to  that  occurring  for  irradiation 
at  0.1  rad(SiC>)/s  (the  dose  rate  at  which  the  greatest  degrada¬ 
tion  is  seen  in  Fig.  6),  even  without  scaling  to  account  for  the 
difference  in  source  types.  When  the  data  are  scaled  by  the  fac¬ 
tor  relating  60Co  to  x-ray  irradiation  (as  shown  in  Fig.  8),  el¬ 
evated  temperatures  conservatively  estimate  the  low-dose-rate 
degradation.  This  suggests  that  high-temperature  irradiation  is  a 
very  effective  technique  for  predicting  the  low-dosc-rate  degra¬ 
dation  for  these  LPNP  devices,  as  well  as  for  the  NPN  devices  in 
Ref.  [10].  In  addition,  it  was  reported  that  irradiation  at  bO'^C 
enhanced  the  degradation  of  LPNPs  from  another  technology. 


but  not  as  much  as  that  produced  by  !ow-dose-rate  irradiation 
[3].  The  results  shown  here  confirm  that  60°C  may  not  be  suffi¬ 
ciently  high  to  produce  the  desired  amount  of  enhanced  degra¬ 
dation. 

The  continued  increase  in  excess  base  current  as  a  function  of 
irradiation  temperature  at  the  highest  temperature  used  in  these 
experiments  is  a  surprising  result,  and  it  makes  it  more  difficult 
to  identify  the  “best”  temperature  for  hardness-assurance  test¬ 
ing.  However,  the  results  presented  in  the  next  section  for  de¬ 
vices  irradiated  at  room  temperature,  but  annealed  at  high  tem¬ 
peratures,  show  that  the  damage  begins  to  recover  at  1 50°C.  This 
recovery  may  take  place  in  situ  during  irradiation  at  150X,  but 
it  was  not  examined  during  these  experiments. 

///.£  Annealing  Response 

MIL-STD-883B,  Method  1019.4  is  a  well-established  hardness- 
assurance  technique  that  includes  provisions  for  bounding  the 
response  of  MOS  devices  irradiated  at  low  dose  rates  [16,17]. 
This  technique  was  developed  for  MOS  devices,  not  bipolar  de¬ 
vices.  If  the  same  procedure  is  applied  to  bipolar  devices,  it  pro¬ 
duces  nonconservaiive  results  for  some  bipolar  technologies 
[4,7].  A  key  part  of  Method  1019.4  is  irradiating  devices  at  a 
high  dose  rate,  followed  by  an  anneal  at  100®C.  The  anneal  re¬ 
moves  some  of  the  oxide  trapped  charge  and  also  helps  to  speed 
up  the  formation  of  interface  traps,  thus  providing  a  bound  for 
the  degradation  that  occurs  in  devices  that  have  a  low-dose-rate 
radiation  response  dominated  by  interface-trap  effects  [  1 2, 16, 1 7]. 
A  set  of  experiments  was  designed  to  examine  the  annealing 
behavior  of  the  LPNP  devices  studied  in  this  work.  It  was  previ¬ 
ously  shown  that  NPN  devices  annealed  at  elevated  temperature 
show  improvement  in  their  current  gain,  instead  ot  the  enhanced 
degradation  observed  at  low  dose  rates.  However,  for  the  LPNP 
devices  studied  here,  additional  degradation  is  seen  during  room- 
temperature  and  high-temperature  annealing. 

Figure  9  shows  the  excess  base  current  at  Vsb  =  0.7  V  vs.  anneal 
time,  following  irradiation  to  a  total  dose  of  100  krad(Si02). 
The  annealed  device  shown  here  was  irradiated  at  1 0  rad(Si02ys, 
but  the  results  were  similar  for  devices  irradiated  at  1.8 
rad(Si02)/s.  The  excess  base  current  continues  to  increase  fol¬ 
lowing  the  end  of  irradiation,  and  approaches  the  amount  of  deg¬ 
radation  in  devices  irradiated  at  low  dose  rates  using  <>0Co  (0.05 
rad(Si02)/s  in  this  case),  if  the  x-ray  data  are  scaled  to  account 
for  the  difference  in  source  type.  However,  this  occurred  in  a 
device  that  was  irradiated  at  a  relatively  low  dose  rate  (10 
rad(Si02)/s)  in  the  x-ray  source.  At  higher  dose  rates  (50-300 
rad(Si02)/s),  the  irradiation-plus-anneal  prediction  will  be  even 
worse.  This  loss  of  gain  during  room-temperature  annealing  is 
opposite  the  trend  observed  in  NPN  transistors  [7],  making  it 
very  difficult  to  base  a  general  hardness-assurance  method  for 
bipolar  integrated  circuits  on  this  approach.  However,  the  loss 
of  gain  during  post-irradiation  annealing  is  similar  to  continued 
degradation  in  MOSFETs  that  are  signiticantly  alfecied  by  in¬ 
terface  traps. 
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Fig.  9  Excess  base  current  at  =  0.7  V  vs.  post-irradiation  room- 
temperature  anneal  time  for  devices  irradiated  to  100 
kradfSiO^)  at  10  rad(SiOp/s  in  an  x-ray  source.  The  dashed 
line  indicates  the  amount  of  excess  base  current  measured  in 
devices  irradiated  at  0.05  radfSiO,)/s  in  a  ^Co  source,  with¬ 
out  annealing.  The  x-ray  data  have  been  scaled  to  account  for 
the  source  difference. 

Additional  devices  were  irradiated  to  a  total  dose  of  100 
krad(Si02)  at  room  temperature  and  then  sequentially  subjected 
to  thirty-minute  anneals  at  temperatures  up  to  150^.  Figure  10 
shows  the  excess  base  current  at  V^ib  =  0.7  V  vs.  anneal  tempera¬ 
ture.  The  base  current  slightly  increases  during  the  early  anneal 
periods,  before  finally  decreasing  slightly  during  the  150®C  an¬ 
neal.  In  this  case,  the  base  current  remains  significantly  lower 
than  that  in  devices  irradiated  at  the  low  dose  rates  using  60Co, 
or  at  high  dose  rates  and  high  temperatures  using  x-rays.  This  is 
a  consequence  of  irradiating  the  devices  at  a  higher  dose  rate 
than  that  used  in  Fig.  9  ( 167  radCSi02)/s  vs.  10  rad(Si02)/s).  The 
reduction  in  excess  base  current  at  150X  suggests  that  if  high- 
temperature  irradiations  are  conducted  at  this  temperature,  the 
enhanced  degradation  seen  at  1 25®C  may  begin  to  reverse  due 
to  annealing  processes. 

The  post-irradiation  increase  in  the  base  current  for  devices  an¬ 
nealed  at  elevated  temperature  suggests  that  combining  high- 
temperature  irradiation  with  high-temperature  annealing  may 
provide  additional  degradation.  This  was  examined  experimen¬ 
tally  by  irradiating  devices  at  80®  and  100®  C,  followed  by  an¬ 
neal  cycles  at  the  same  temperature  used  for  irradiation.  In  all 
cases,  the  excess  base  current  decreased  during  the  high-tem- 
perature  anneal.  Thus,  high-temperature  irradiation,  without  a 
subsequent  high-temperature  anneal,  provides  a  better  estimate 
of  the  low-dose-rate  degradation. 

IILR  Comparison  to  Other  Device  Types 

In  addition  to  the  LPNP  transistors  used  in  the  experiments  de¬ 
scribed  above,  vertical  NPN  and  substrate  PNP  transistors  in  the 
same  packages  as  the  LPNP  transistors  also  were  tested.  It  is 
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Fig,  10  Excess  base  current  at  =  0.7  V  vs.  anneal  temperature  for 
LPNP  devices  irradiated  to  100  krad(SiO,)  at  167  rad(SiO,)/s 
and  room  temperature.  The  dashed  lines  indicate  the  amount 
of  excess  base  current  measured  in  devices  irradiated  at  low 
dose  rate  using  *‘Co.  and  also  at  high  dose  rate  and  high  tem¬ 
perature  using  x-rays, 

very  desirable  that  the  same  hardness-assurance  method  provide 
useful  results  for  all  bipolar  technologies.  Since  high-tempera¬ 
ture  irradiation  is  the  most  promising  technique  for  predicting 
the  LPNP  low-dose-rate  response,  the  same  information  for  the 
NPN  and  SPNP  devices  is  shown  in  Figures  1 1  and  1 2. 

For  the  NPN  device,  the  excess  base  current  at  100  kradfSiO^) 
is  much  less  than  the  initial  base  current  in  the  unirradiated  de¬ 
vices,  as  shown  in  Fig.  1 1 .  This  illustrates  that  the  NPN  transis¬ 
tors  fabricated  in  this  technology  are  much  harder  than  the  LPNP 
transistors.  Although  the  excess  base  current  appears  to  be  slightly 
higher  for  the  NPN  devices  irradiated  at  elevated  temperature, 
the  small  magnitude  of  the  excess  base  current  relative  to  the 
total  base  current  means  that  obtaining  an  accurate  estimate  of 
the  excess  base  current  is  difficult.  Moreover,  for  integrated  cir¬ 
cuits  fabricated  in  the  technology  considered  here,  the  degrada¬ 
tion  will  be  dominated  by  the  LPNP  response.  Thus,  irradiation 
at  elevated  temperature  will  predict  the  circuit- level  degrada¬ 
tion,  as  well  as  the  degradation  of  the  LPNP  devices. 

The  substrate  PNP  transistors  are  not  usually  incorporated  in 
circuit  designs  fabricated  in  this  technology.  Their  main  pur¬ 
pose  is  to  serve  as  a  test  structure.  However,  it  is  interesting  to 
compare  the  response  of  the  SPNP  devices  to  the  LPNP  devices 
to  determine  if  high-temperature  irradiation  also  predicts  the  low- 
dose-rate  degradation.  As  illustrated  in  Fig.  12,  the  behavior  of 
the  SPNP  devices  is  qualitatively  the  same  as  that  of  the  LPNP 
devices.  Irradiation  at  high  temperatures  produces  more  degra¬ 
dation  than  that  which  occurs  at  low  dose  rates,  once  source 
differences  are  accounted  for. 
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Fig.  1 1  Excess  base  current  at  ^  =  -0.7  V  vs.  irradiation  tempera¬ 
ture  for  NPN  transistors  irradiated  to  a  total  dose  of  100 
kradfSiOJ  at  167  rad(SiOp/s.  The  dashed  lines  indicate  the 
pre- irradiation  base  current  and  the  excess  base  current  for 
low-dose-raie  irradiation. 

IV.  Testing  Recommendations 

There  are  two  classes  of  failure  mechanisms  that  must  be  con¬ 
sidered  for  bipolar  integrated  circuits  in  space-radiation  envi¬ 
ronments:  isolation-related  failures  [18]  and  gain-related  fail¬ 
ures.  Testing  to  identify  isolation-related  failures  can  be  accom¬ 
plished  using  conventional  test  methods  developed  for  MOS  in¬ 
tegrated  circuits  [16,17].  This  paper  describes  approaches  for 
dealing  with  gain-related  failures.  Since  there  are  two  failure 
mechanisms,  two  tests  are  required.  This  is  similar  to  the  situa¬ 
tion  with  MOS  devices,  in  which  failures  due  to  oxide  trapped 
charge  and  those  due  to  “rebound”  must  both  be  considered. 
However,  for  bipolar  technologies,  two  sets  of  test  devices  must 
be  used  since  radiation-plus-anneal  testing  does  not  predict  the 
low-dose-rate  response  successfully. 

Of  the  approaches  considered  here  to  predict  gain  degradation 
at  low  dose  rates,  irradiation  at  elevated  temperature  is  the  most 
promising.  The  excess  base  current  increases  approximately  lin¬ 
early  with  temperature  up  to  125®C,  but  high-temperature  an¬ 
neal  experiments  showed  recovery  at  1 50°C.  High-temperature 
irradiation  was  shown  previously  to  enhance  degradation  in  NPN 
transistors.  While  these  results  represent  a  relatively  small  cross- 
section  of  bipolar  technologies,  enhancement  of  degradation  for 
high-temperature  irradiation  was  predicted  in  [10]  using  a  physi¬ 
cal  model  based  on  the  presence  of  metasiablc  hole  traps  in  bi¬ 
polar  oxides,  as  decribed  in  Section  IIl.D.  The  presence  of  a 
physically-based  justification  for  this  method  increases  the  level 
of  confidence  associated  with  it. 

Preliminary  testing  recommendations  can  be  formulated,  based 
on  previous  experiments  that  looked  at  isolation-related  failures 
[18]  and  the  gain-degradation  results  presented  here  and  in  pre- 
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Fig.  12  Excess  base  current  at  V,  =  0.7  V  vs.  irradiation  temperature 
for  substrate  PNP  transistors  irradiated  to  a  total  dose  of  100 
krad(SiO,)  at  167  rad(SIO,)/s  using  x-rays.  The  dashed  line 
Indicates  the  excess  base  current  for  irradiation  at  0.1 
rad(SiO,)/s  using  '"‘Co.  The  x-ray  data  have  been  scaled  to 
account  for  source  differences. 

vious  work  [8.10].  There  have  been  no  experimental  reports  of 
anomalous  isolation-related  failures  in  bipolar  ICs  irradiated  at 
low  dose  rates,  so  the  recommended  test  procedure  includes  the 
same  test  used  to  identify  these  failures  In  MOS  ICs.  The  new 
feature  proposed  here  is  a  hIgh-temperature  irradiation.  These 
preliminary  recommendations  are  summarized  here: 

( 1 )  Irradiate  one  set  of  devices  to  the  specified  total  dose  at  room 
temperature  using  a  dose  rate  of  50  rad(Si02)/s  or  greater  to 
check  for  isolation-related  failures  [18]. 

(2)  Irradiate  a  second  set  of  devices  to  the  specified  total  dose  at 
a  temperature  of  100-125°  C  with  60Co.  If  an  x-ray  source  is 
used,  the  total  dose  should  be  increased  by  a  factor  of  three.  The 
test  should  be  conducted  at  a  dose  rate  between  50  and  300 
rad(Si02)/s.  The  purpose  of  this  test  is  to  identify  gain-related 
failures. 

This  approach  works  for  NPN  transistors  from  Analog  Devices’ 
XFCB  technology  and  LPNP  devices  from  Analog  Devices' 
ADRF  technology.  These  are  the  most  sensitive  devices  in  these 
technologies;  the  vertical  PNP  transistors  in  the  XFCB  technol¬ 
ogy  and  the  vertical  NPN  transistors  in  the  ADRF  technology 
degrade  much  less.  The  approach  also  may  work  for  the  PNP 
devices  described  in  Ref.  [3],  but  a  higher  irradiation  tempera¬ 
ture  than  60°C  (as  done  here)  should  b>e  used  to  determine  this. 

V  Discussion 

Predicting  the  low-dose-rate  degradation  of  bipolar  integrated 
circuits  is  a  difficult  challenge  because  of  the  greatly  enhanced 
degradation  compared  to  high-dose-rate  irradiation.  For  the  de¬ 
vices  considered  in  this  work,  the  excess  base  current  in  devices 
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irradiated  below  0. 1  rad(SiO:)/s  with  60Co  was  ten  times  greater 
than  that  in  devices  irradiated  at  167  rad(Si02)/s  with  x-rays. 
Two  general  hardness-assurance  approaches  were  examined  in 
this  work:  (1)  irradiation  at  high  dose  rates  and  high  tempera¬ 
ture  and  (2)  irradiation  at  high  dose  rates  followed  by  annealing. 

The  results  shown  for  high-temperature,  high  dose-rate  irradia¬ 
tion  suggest  that  irradiation  at  100®  C  (or  higher)  may  be  a  vi¬ 
able  hardness-assurance  method  for  predicting  the  low-dose-rate 
behavior  of  some  technologies.  Post-irradiation  annealing  of 
devices  irradiated  at  room  temperature  caused  the  excess  base 
current  to  increase,  but  not  to  the  levels  observed  in  devices  irra¬ 
diated  at  low  dose  rates.  The  maximum  post-irradiation  degra¬ 
dation  was  produced  by  annealing  at  125°C,  the  same  tempera¬ 
ture  that  produced  the  maximum  degradation  in  devices  irradi¬ 
ated  at  elevated  temperature.  The  excess  base  current  decreased 
slightly  during  annealing  at  I50®C.  This  damage  recovery  dur¬ 
ing  high-temperature  annealing  indicates  the  presence  of  a 
mechanism  that  may  compete  with  that  responsible  for  the  en¬ 
hanced  degradation  due  to  high-temperature  irradiation.  The 
annealing  results  suggest  that  the  practical  limit  for  high-tem- 
perature  irradiation  may  be  less  than  !50®C,  but  this  should  be 
examined  experimentally  fora  range  of  bipolar  technologies. 

The  results  presented  here  indicate  that  high-temperature  irra¬ 
diation  is  a  very  promising  approach  for  predicting  low-dose- 
rate  degradation  in  LPNP  devices  and  in  integrated  circuits  whose 
radiation  responses  are  dominated  by  LPNP  degradation.  Com¬ 
bined  with  previous  results  showing  accelerated  degradation  in 
NPN  transistors  irradiated  at  elevated  temperature,  this  work 
suggests  that  the  approach  may  be  applicable  to  a  range  of  mod¬ 
em  bipolar  integrated  circuits.  However,  it  is  essential  that  this 
method  be  tested  with  other  technologies  to  ascertain  the  gener¬ 
ality. 
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Abstract 

The  combined  effects  of  ionizing  radiation  and  hot- 
carrier  stress  on  the  current  gain  of  npn  bipolar  junction 
transistors  were  investigated.  The  analysis  was  carried  out 
experimentally  by  examining  the  consequences  of  inter¬ 
changing  the  order  in  which  the  two  stress  types  were  ap¬ 
plied  to  identical  transistors  which  were  stressed  to  various 
levels  of  damage.  The  results  indicate  that  the  hot-carrier 
response  of  the  transistor  is  improved  by  radiation  dam¬ 
age,  whereas  hot-carrier  damage  has  little  effect  on  subse¬ 
quent  radiation  stress.  Characterization  of  the  temporal 
progression  of  hot-carrier  effects  revealed  that  hot-carrier 
stress  acts  initially  to  reduce  excess  base  current  and  im¬ 
prove  current  gain  in  irradiated  transistors.  PISCES  sim¬ 
ulations  show  that  the  magnitude  of  the  peak  electric-field 
within  the  emitter-base  depletion  region  is  reduced  signifi¬ 
cantly  by  net  positive  oxide  charges  induced  by  radiation. 
The  interaction  of  the  two  stress  types  is  explained  in  a 
qualitative  model  based  on  the  probability  of  hot-carrier 
injection  determined  by  radiation  damage  and  on  the  neu¬ 
tralization  and  compensation  of  radiation-induced  positive 
oxide  charges  by  injected  electrons.  The  results  imply  that 
a  bound  on  damage  due  to  the  combined  stress  types  is 
achieved  when  hot-carrier  stress  precedes  any  irradiation. 

I.  INTRODUCTION 

The  effects  of  ionizing  radiation  on  the  performance  of 
bipolar  junction  transistors  (BJTs)  have  received  consider¬ 
able  attention  in  the  literature[l-4j.  The  radiation-induced 
defects  associated  with  current  gain  degradation  in  mod¬ 
ern  bipolar  structures  are  trapped  net  positive  charge  and 
interface  traps  in  the  oxide  overlying  the  emitter-base  junc¬ 
tion  auid  extrinsic  base[5-7].  The  positive  oxide  trapped 
charge  spreads  out  the  emitter-base  depletion  region,  which 
results  in  increased  recombination  current  under  forward- 
biased  operation  of  the  junction.  The  rate  of  recombina¬ 
tion  increases  with  total  dose  according  to  the  electrostatic 
potential  induced  in  the  depletion  region[8].  The  interface 
traps  created  by  radiation  that  have  energies  near  midgap 
are  most  relevant  to  current  gain  degradation,  since  they 
make  efficient  generation- recombination  (G-R)  centers.  G-R 

^  This  work  was  supported  in  part  by  the  Defense  Nuclear 
Agency  under  contract  no.  DNA001-92-C-0022. 


centers  further  increase  recombination  current  throughout 
the  depletion  region  by  enhancing  surface  recombination 
velocity[9].  Ionizing  radiation  degrades  current  gain,  since 
the  recombination  currents  which  it  causes  increase  the 
base  current,  especially  for  low  base-to-emitter  voltages, 
while  the  collector  current  remains  relatively  constant. 

Hot-carrier  stress  in  integrated  BJTs  can  occur  when¬ 
ever  the  emitter-base  junction  is  sufficiently  reverse-biased 
so  as  to  create  large  electric-fields  within  the  emitter-base 
depletion  region [10- 13].  This  occurs,  for  example,  in  the 
operation  of  emitter-coupled  differential  pairs  in  certain 
analog-to-digital  converters[14]  and  more  readily  in  the 
pull-up  transistors  of  certain  bipolar-complementary-metal- 
oxide-silicon  gates  used  in  digital  circuits  during  pull-down 
transient8[15,16].  Energetic  carriers  drifting  through  the 
emitter-base  depletion  region,  especially  near  the  emit¬ 
ter  periphery,  where  doping  in  the  extrinsic  base  is  high, 
can  suffer  collisions  which  result  in  their  scattering  into 
the  overlying  oxide.  Hot-carrier  susceptibility  is  an  in¬ 
creasing  concern  in  modern  BJTs,  as  vertical  scaling  of 
device  dimensions  dictates  that  higher  base  and  emitter 
doping  levels  be  used  to  shrink  the  emitter-base  depletion 
region[17,18].  Hot-carriers  can  increase  the  interface  trap 
densities  locally,  resulting  in  larger  surface  recombination 
velocities  and  increased  recombination  current  within  the 
emitter-base  depletion  region  in  much  the  same  way  as 
radiation  stress[19,20].  In  addition,  injected  carriers  can 
become  trapped  in  the  oxide,  either  after  surmounting  the 
interfacial  potential  barrier  or  by  tunneling  through  the 
barrier  to  traps  in  the  oxide  bandgap,  where  they  can  bend 
the  energy  bands  and  alter  device  characteristics[21].  Like 
radiation,  hot-carrier  stress  degrades  the  current  gam  in 
BJTs  by  increasing  the  base  current  while  affecting  the 
collector  current  negligibly. 

Although  considerable  progress  has  been  made  toward 
understanding  the  effects  of  ionizing  radiation  and  hot- 
carrier  stress  acting  individually  on  the  operational  behav¬ 
ior  of  BJTs,  little  is  known  about  the  combined  effects  of 
these  two  stress  types.  There  exists  a  real  need  for  such 
cognition,  because,  in  many  space,  military,  and  nuclear 
power  plant  applications,  BJTs  are  subjected  to  both  of 
these  stress  types  simultaneously.  As  such,  the  objective 
of  this  work  was  the  experimental  characterization  of  the 
current  gain  in  npn  BJTs  which  were  subjected  to  vari¬ 
ous  combinations  of  radiation  stress  and  hot-carrier  stress 
Emphasis  in  the  experiments  was  placed  on  assessing  the 
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importance  of  the  stress  type  sequence  in  determining  the 
extent  to  which  the  current  gain  was  degraded.  PISCES 
simulations  were  performed  in  conjunction  with  the  exper¬ 
iments  in  order  to  lend  support  to  the  results. 

It  is  shown  that  the  effects  of  radiation  stress  and  hot- 
carrier  stress  on  current  gain  are  not  simply  additive,  i.e., 
the  damaging  mechanisms  associated  with  the  two  stress 
types  are  interactive.  Most  prominent  is  the  influence  of 
radiation  damage  on  diminishing  the  amount  of  degrada¬ 
tion  due  to  subsequent  hot-carrier  stress,  meaning  that  the 
order  in  which  the  two  stress  types  are  applied  is  relevant 
to  determining  the  resulting  current  gain.  The  results  are 
used  to  develop  a  physical  model  to  describe  the  interaction 
of  ionizing  radiation  and  hot-carrier  stress  as  they  relate 
to  current  gain  degradation  in  npn  BJTs.  The  model  is 
consistent  with  established  understanding  of  the  separate 
stress  types. 

IL  EXPERIMENT 

A.  Description  of  BJT  Technology 

Fig.  I  shows  a  cross-section  of  the  particular  bipolar 
technology  used  in  this  study  [22].  The  cross-section  is  use¬ 
ful  for  visualizing  the  physical  mechanisms  by  which  radi¬ 
ation  damage  and  hot-carrier  damage  occur  in  the  device. 
The  oxide  immediately  above  the  emitter-base  junction, 
where  damage  due  to  the  two  stress  types  has  the  greatest 
effect  on  current  gain  degradation,  is  indicated  for  clarity. 
This  oxide  consists  of  two  layers  with  a  total  thickness  of 
545  nm.  The  bottom  layer  is  used  as  a  screen  through 
which  the  p-type  base  is  implanted  into  the  n-type  epi¬ 
taxial  collector.  The  device  is  isolated  dielectrically  on  all 
four  sides  by  a  trench  etch  and  refill  process  and  on  the 
bottom  by  a  buried  oxide  which  was  fabricated  by  a  bond, 
lap-back,  and.  polish  technique.  A  poly-Si  emitter  is  used 
to  avoid  A1  spiking  at  the  contact  and  to  decrease  the  base 
diffusion  current[23].  The  n"*"  emitter  region  was  formed 
by  thermal  diffusion  of  the  deposited  poly-Si  layer  and  has 
dimensions  of  1.5  pm  x  1.5  pm.  The  emitter-base  junc¬ 
tion  depth  is  0.3  ^m.  and  the  active  base  width  is  0.8  pm. 
Doping  in  the  extrinsic  base  at  the  Si  surface,  where  hot- 
carrier  effects  are  most  prevelant,  is  9.0  xlO^^  cm^^.  The 
pre-stressed  peak  current  gain  in  this  device  is  approxi¬ 
mately  95  and  occurs  at  a  base-to-emitter  voltage  of  about 
0.7  V. 

B.  Effect  of  Interchanging  the  Order  of  the  Stress 
Types 

Six  pairs  of  BJTs  were  used  to  investigate  the  effect 
of  interchanging  the  order  of  irradiation  and  hot-carrier 
stress  on  current  gain.  The  pre-stressed  base  and  collector 
currents  were  verified  to  be  nearly  identical  between  the 
transistors.  The  BJTs  were  stressed  according  to  the  pa¬ 
rameters  summarized  in  Table  I.  One  of  the  BJTs  in  each 
pair  was  stressed  first  with  hot-carriers  and  then  with  ra- 
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Fig.  1.  A  cross-section  of  the  BJT  used  in  this  study.  The 
cross-section  is  helpful  in  visualizing  the  physical  mechanisms 
associated  with  stress-induced  current  gain  degradation  in  the 
device. 


diation,  while  the  other  was  stressed  first  with  radiation 
and  then  with  hot-carriers  under  the  same  conditions  as 
its  companion.  Hot-carrier  stress  was  performed  using  a 
constant  emitter  current  of  225  nA  and  an  open-circuited 
collector,  which  placed  the  emitter-base  junction  just  into 
avalanche  breakdown.  The  devices  were  irradiated  with 
all  terminals  grounded  in  a  ^°Co  7-source  at  a  dose  rate 
of  4.0  krad(Si02)  hr~^.  The  devices  were  situated  in  a 
box  made  of  Pb  and  A1  during  the  irradiation.  In  order 
to  assess  the  response  to  a  wide  range  of  stress  levels,  the 
stress  times  and  total  doses  administered  to  the  six  BJT 
pairs  were  varied  from  250  to  20,000  s  and  from  35  to 
1,000  krad(Si02),  respectively.  Annealing  of  damage  fol¬ 
lowing  hot-carrier  stress  was  monitored  in  a  non-irradiated 
BJT  and  was  observed  to  be  negligible.  The  ambient  tem¬ 
perature  varied  less  than  2®C  from  the  starting  tempera¬ 
ture  over  the  course  of  the  experiment. 


Table  I 

Stress  Parameters 


Device 

Stress  No.  1 

Stress  No.  2 

lA 

225  nA  for  250  s 

35  kradlSiOo) 

IB 

35  krad(Si02) 

225  nA  for  250  s 

2A 

225  nA  for  1,000  s 

75  kradCSiOo) 

2B 

75  kradlSiOo) 

225  nA  for  1,000  s 

3A 

225  nA  for  2,000  s 

150  krad(Si02) 

3B 

150  krad(Si02) 

225  nA  for  2,000  s 

4A 

225  nA  for  5,000  s 

300  krad(Si02 ) 

4B 

300  krad(Si02) 

225  nA  for  5.000  s 

5A 

225  nA  for  10,000  s 

550  krad(Si02 ) 

5B 

550  krad(Si02) 

225  nA  for  10,000  s 

6A 

225  nA  for  20,000  s 

1,000  krad(Si02) 

6B 

1,000  krad(Si02) 

225  nA  for  20.000  s 

Following  the  completion  of  each  stress  type,  the  result¬ 
ing  excess  base  current  and  current  gain  were  measured. 
Excess  base  current  is  defined  here  as  the  increase  in  the 
base  current  of  a  virgin  device  due  to  stress,  as  expressed 
by  the  relation 

A/fl  =  /b  -  i  1) 
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As  usual,  the  current  gain  is  defined  by 


where  Ic  is  the  collector  current.  When  used  with  either 
A/b  or  3  in  the  results  follow,  the  superscripts  ^  , 
and  indicate  degradation  due  to  radiation,  hot-carriers, 
or  a  connbination  of  the  stress  types. 

in  Fig.  2(a),  the  excess  base  currents  for  the  BJTs  which 
were  stressed  first  by  hot-carriers  and  then  by  radiation  are 
compared  with  those  for  the  BJTs  in  which  the  order  of 
the  stress  types  was  reversed.  A  base-to-emitter  voltage 
of  0.7  V  wais  chosen  for  the  comparison,  since  this  corre¬ 
sponds  to  the  peak  in  the  pre-stressed  current  gam.  The 
abcissa  value  for  each  BJT  pair  in  the  figure  represents 
the  sum  of  the  excess  base  currents  which  resulted  from 
the  radiation  stress  of  the  virgin  device  and  the  hot-carrier 
stress  of  its  companion  device.  The  dashed  line  drawn  di¬ 
agonally  through  the  figure  represents  the  condition  that 
the  effects  of  the  two  stress  types  on  excess  base  current 
are  simply  additive. 

It  is  clear  from  the  figure  that,  at  each  level  of  combined 
stress  considered,  excess  base  current  is  greater  when  the 
device  is  stressed  first  by  hot-carriers  and  then  by  radia¬ 
tion  than  it  is  when  the  device  is  stressed  in  the  reverse 
sequence.  The  difference  in  excess  base  currents  measured 
for  the  two  sets  of  BJTs  tested  is  smallest  for  the  BJT 
pair  which  received  the  lowest  level  of  combined  stress  and 
grows  in  magnitude  as  the  amount  of  stress  is  increased. 
The  fact  that  the  data  points  corresponding  to  the  de¬ 
vices  which  were  stressed  first  by  radiation  and  then  by 
hot-carriers  lie  below  the  dashed  line  is  an  indication  that 
radiation  damage  decreases  the  effectiveness  with  which 
subsequent  hot-carrier  stress  increases  base  current.  In 
contrast,  since  the  data  points  corresponding  to  the  de¬ 
vices  which  were  stressed  first  by  hot-carriers  and  then  by 
radiation  lie  on  or  near  the  dashed  line,  hot-carrier  dam¬ 
age  is  seen  to  have  little  influence  on  subsequent  radiation 
stress  degrading  the  device  further. 

A  comparison  of  the  corresponding  current  gains  nor¬ 
malized  by  their  pre-stressed  values  is  shown  in  similar 
fashion  in  Fig.  2(b).  The  figure  reflects  the  trends  in  ex¬ 
cess  base  current  noted  previously.  As  expected,  the  cur¬ 
rent  gain  decreases  with  increasing  excess  base  current  re¬ 
gardless  of  the  stress  sequence.  However,  as  a  group,  those 
BJTs  which  were  stressed  first  by  hot-carriers  and  then 
by  radiation  clearly  sustained  greater  reduction  in  current 
gain  than  their  counterparts.  The  order  in  which  the  two 
stress  types  are  applied  is  of  least  consequence  in  deter¬ 
mining  the  overall  current  gain  in  the  BJT  pair  which  re¬ 
ceived  the  smallest  amount  of  damage.  As  the  magnitude 
of  damage  increases,  the  effect  of  stress  order  on  current 
gain  grows  in  importance.  The  effect  of  interchanging  the 
stress  sequence  on  the  measured  excess  base  current  and 
corresponding  current  gain  was  even  more  pronounced  for 
base-to-emitter  voltages  below  0.7  V. 
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Fig.  2.  The  effect  of  interchanging  the  order  of  radiation  stress 
and  hot-carrier  stress  on  (a)  excess  base  current  and  (b)  current 
gain.  Device  degradation  is  less  severe  when  radiation  stress 
precedes  hot-carrier  stress  than  it  is  when  the  sequence  of  stress 
types  is  reversed.  All  data  were  measured  at  Vbe  =  0.7  V. 


C.  Effect  of  Radiation  Stress  on  Subsequent 
Hot-Carrier  Stress 


An  additional  experiment  was  conducted  in  order  to 
examine  more  closely  the  effect  of  radiation  damage  on 
subsequent  hot-carrier  stress  in  an  npn  BJT.  Three  BJTs 
identical  to  those  used  in  the  previous  experiment  were  ir¬ 
radiated  to  total  doses  of  150,  450,  and  1,000  krad{Si02), 
respectively.  Each  device  subsequently  was  hot-carrier 
stressed  for  various  increments  of  time  up  to  a  total  of 
100,000  s.  Both  the  irradiation  and  hot-carrier  stress  were 
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performed  under  the  conditions  described  previously.  Gum- 
mel  measurements  were  taken  before  irradiation,  immedi¬ 
ately  following  irradiation,  and  after  each  time  increment 
of  hot-carrier  stress.  In  order  to  minimize  the  effects  of 
forward-biased  current  soak[24]  on  the  measurement  re¬ 
sults,  Gummel  sweeps  included  only  five  base- to-emit ter 
voltages  between  0.4  and  0.8  V  and  lasted  only  a  few 
seconds.  Each  Gummel  measurement  was  repeated,  from 
which  annealing  of  damage  due  to  the  measurement  itself 
was  verified  to  be  negligibly  small.  Annealing  of  radiation 
dam?.ge  was  avoided  by  performing  the  hot-carrier  stress 
immediately  following  irradiation. 

The  progression  of  the  base  current  with  hot-carrier 
stress  time  for  the  device  which  received  a  total  dose  of 
1,000  krad(Si02)  is  illustrated  in  Fig.  3.  The  base  current 
is  plotted  as  a  function  of  base- to-emit  ter  voltage.  As  ex¬ 
pected,  the  high  total  dose  resulted  in  a  large  increase  in 
base  current  in  the  virgin  device.  Subsequent  hot-carrier 
stress,  however,  revealed  some  very  interesting  and  rather 
unexpected  results.  As  indicated  in  the  figure,  hot-carrier 
stressing  the  irradiated  device  acted  initially  to  decrease 
base  current.  This  reduction  in  the  radiation-induced  ex¬ 
cess  base  current  continued  for  stress  times  totaling  sev¬ 
eral  hundred  seconds,  at  which  time  it  reversed,  and  the 
base  current  began  to  increase  again.  Thereafter,  the  base 
current  increased  monotonically  for  as  long  as  the  stress 
continued. 


Base-to-Emittcr  Voltage  fV) 


Fig.  3.  The  temporal  progression  of  base  current  in  an  irradi¬ 
ated  npn  B  JT  as  it  is  subjected  to  hot-carrier  stress.  Hot-carrier 
stress  decreases  base  current  substantially  before  eventually  in¬ 
creasing  it. 

This  hot-carrier  response  of  the  irradiated  device  is  de¬ 
picted  in  another  form  in  Fig.  4  along  with  the  responses 
of  the  other  BJTs  irradiated.  In  this  figure,  the  current 
gain  following  the  combined  stresses  of  radiation  and  hot- 
carriers,  normalized  by  the  current  gain  following  irradia¬ 
tion  only,  is  plotted  for  each  device  as  a  function  of  hot- 
carrier  stress  time.  The  gain  was  measured  at  a  base-to- 


emitter  voltage  of  0.7  V.  The  dashed  line  at  Jrh/Jr  =  I  di¬ 
vides  the  figure  into  two  distinct  regions.  Any  data  points 
located  above  this  line  indicate  that  hot-carrier  stress  in¬ 
creased  the  current  gain  in  the  irradiated  device,  whereas 
those  data  points  located  below  the  line  indicate  that  hot- 
carrier  stressing  the  irradiated  device  decreased  the  cur¬ 
rent  gain.  The  figure  indicates  that  the  degree  to  which 
hot-carrier  stress  increases  current  gain  in  an  irradiated 
npn  BJT  grows  with  increasing  total  dose.  In  addition, 
the  hot-carrier  stress  time  at  which  the  current  gain  stops 
increasing  and  the  duration  of  stress  time  over  which  the 
current  gain  remains  greater  than  it  was  immediately  fol¬ 
lowing  irradiation  are  strongly  dependent  on  total  dose. 


Fig.  4.  The  effect  of  hot-carrier  stress  on  the  current  gain  of 
irradiated  npn  BJTs  measured  at  Vbe  ^  The  extent 

to  which  hot-carrier  stress  recovers  current  gain  previously  de¬ 
graded  by  radiation  depends  strongly  on  the  total  dose. 

D.  Effect  of  Hot-Carrier  Stress  on  Subsequent 
Radiation  Stress 

In  order  to  gain  additional  insight  into  the  problem  of 
irradiating  hot-carrier  damaged  BJTs,  a  final  experiment 
complementary  to  the  one  described  in  the  previous  sec¬ 
tion  was  performed.  Another  group  of  three  identical  vir¬ 
gin  test  devices  were  hot-carrier  stressed  for  times  of  100, 
4,000,  and  100,000  s,  respectively,  after  which  they  were 
irradiated  to  a  total  dose  of  about  6  Mrad(Si02).  The  con¬ 
ditions  under  which  the  hot-carrier  and  radiation  stresses 
were  administered  were  consistent  with  the  previous  e.x- 
periments  described.  Gummel  measurements  were  taken 
before  hot-carrier  stress,  immediately  following  hot-carner 
stress,  and  after  periodic  interruptions  of  subsequent  radi¬ 
ation  stress  so  that  the  excess  base  currents  resulting  from 
stress  could  be  quantified. 

In  Fig.  5,  the  excess  base  currents  in  the  three  de¬ 
vices  are  compared  as  a  function  of  total  dose  at  a  base- 
to-emitter  voltage  of  0.7  V.  The  variation  in  excess  base 
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currents  for  zero  total  dose  reflects  the  wide  range  of  hot- 
carrier  stress  times  used  and  gives  some  indication  o  ow 
stress  time  determines  the  level  of  damage  created  m  these 
devices.  In  contrast  to  the  case  in  which  irradiation  pre¬ 
cedes  hot-carrier  stress,  the  excess  base  currents  always  in¬ 
crease  here  as  a  result  of  applying  the  second  str^  type. 
Although  the  initial  excess  base  currents  vary  widely,  there 
is  little  difference  among  the  devices  in  the  rates  at  w^ch 
the  excess  base  currents  are  incre v^ed  by  radiation.  The 
excess  base  currents  saturate  at  different  levels  commensu¬ 
rate  to  their  initial  values.  The  differences  in  the  saturation 
levels  are  comparable  in  magnitude  to  the  differences  that 
existed  in  the  initial  excess  base  currents.  These  results 
further  substantiate  the  observation  made  earlier  that  ra¬ 
diation  effects  in  npn  BJTs  are  influenced  little  by  damage 
created  initially  by  hot-carriers. 


Fie.  5.  The  effect  of  ionizing  radiation  on  the  excess  ba^  cur¬ 
rents  of  hot-carrier  stressed  npn  BJTs.  The  rate  at  wkch  ra¬ 
diation  increases  base  current  is  influenced  little  by  damage 
created  initially  by  hot-carriers.  AU  data  were  measured  at 

Vbe  =  0  "  ■ 

III.  PISCES  SIMULATION 

To  aid  in  understanding  the  physical  mechanisms  un¬ 
derlying  the  experimental  results,  PISCES  simulations[25] 
were  carried  out  in  a  way  which  closely  mimicked  the  hot- 
carrier  stressing  of  an  irradiated  BJT.  The  device  geome¬ 
tries  and  materials  defined  in  the  simulations  replicated 
those  of  the  actual  experimental  test  devices.  The  appro¬ 
priate  doping  profiles  were  generated  by  SUPREM  process 
modeling  and  were  verified  with  spreading  resistance  mea¬ 
surements  of  control  wafers  processed  along  with  the  test 
devices.  The  carrier  recombination  times  used  in  the  simu¬ 
lation  were  obtained  by  matching  simulated  Gummel  plots 
to  those  actually  measured  in  the  pre-stressed  devices.  Op¬ 
eration  of  the  BJT  was  simulated  for  a  constant  emitter 
current  in  the  emitter-base  avalanche  breakdown  region  us¬ 
ing  various  densities  of  positive  oxide  trapped  charge.  The 


appropriate  oxide  charge  densities  were  calculated  from 
measured  parallel  shifts  in  the  C-V  characteristics  of  an  ir¬ 
radiated  metal-oxide-silicon  capacitor  that  was  fabricated 
in  the  same  process  as  the  BJTs.  PISCES  was  used  to 
solve  Poisson’s  equation  and  the  continuity  equations  for 
electrons  and  holes  simultaneously  in  two  dimensions  at 
discrete  points  in  the  base,  emitter,  and  overlying  oxide 
under  the  simulation  conditions  described. 

Fig.  6  summarizes  the  simulation  results  for  the  electric- 
field  along  the  Si  surface  in  the  emitter-base  depletion 
region  with  oxide  trapped  charge  density  as  a  parame¬ 
ter.  The  ordinate  axis  represents  the  magnitude  of  the 
electric-field  normalized  by  the  pre-stressed  peak  electric- 
field  magnitude.  Negative  abcissa  values  correspond  to 
locations  within  the  emitter,  whereas  positive  values  are 
located  within  the  base.  The  condition  Nox  =  0  is  used 
to  approximate  the  state  of  the  oxide  prior  to  irradia¬ 
tion,  while  the  densities  No,  =  I  x  10^^  cm'^  and  No,  = 
3  X  10^^  cin“^  correspond  to  total  doses  of  approximately 
100  and  1,000  krad(Si02),  respectively.  The  figure  clearly 
reflects  the  spreading  of  the  emitter-base  depletion  region 
due  to  the  addition  of  positive  charge  in  the  oxide.  Whereas 
the  electric-field  is  significant  in  magnitude  over  a  distance 
of  only  about  0.15  /im  near  the  emitter-base  junction  when 
there  is  no  oxide  charge  present,  it  increases  dramatically 
far  from  the  junction  with  the  addition  of  positive  oxide 
charge.  In  addition,  increasing  the  density  of  positive  ox¬ 
ide  charge  reduces  the  peak  electric-field  in  the  depletion 
region  near  the  emitter-base  junction.  The  peak  electric- 
field  along  the  Si  surface  is  of  utmost  importance  in  this 
simulation,  as  it  plays  a  very  strong  role  in  determining  the 
extent  to  which  hot-carrier  injection  occurs  in  the  oxide. 


'  6  The  effect  of  radiation-induced  positive  oxide  charge  on 
’  electric-field  in  the  emitter-base  depletion  region  of  an  npn 
T  which  is  subjected  to  hot-carrier  stress.  Positive  oxide 
irge  significantly  reduces  the  peak  electric-field  magnitude 
tile  spreading  the  depletion  region. 
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IV.  DISCUSSION 

The  results  of  this  study  demonstrate  that  the  effects 
of  radiation  stress  and  hot-carrier  stress  on  the  current 
gain  of  npn  BJTs  are  not  simply  additive.  When  these 
two  stress  types  are  applied  to  a  BJT,  the  physical  mecha¬ 
nisms  by  which  they  degrade  device  performance  are  con¬ 
siderably  interactive.  Although  their  interaction  appears 
to  be  quite  complex,  the  results  presented  suggest  a  sim¬ 
ple  model,  which  is  consistent  with  accepted  theory  of  the 
individual  stress  types,  by  which  the  combined  effects  of 
radiation  stress  and  hot-carrier  stress  on  current  gain  can 
be  explained.  Because  the  interaction  is  decidedly  stronger 
when  irradiation  precedes  hot-carrier  stress,  such  a  model 
is  best  developed  by  focusing  on  how  radiation  damage 
influences  the  way  in  which  hot-carrier  stress  affects  re¬ 
combination  current  in  the  emitter-base  depletion  region. 

The  PISCES  simulation  results  which  relate  oxide 
trapped  charge  to  the  electric-field  in  the  emitter-base  de¬ 
pletion  region  are  of  considerable  importance  in  under¬ 
standing  the  hot-carrier  response  of  an  irradiated  npn  BJT. 
Of  particular  relevance  is  the  result  that  positive  oxide 
charge  acts  to  decrease  the  peak  electric-field  near  the 
emitter-base  junction.  Physically  this  can  be  interpreted 
as  a  consequence  of  dropping  a  given  base-to-emitter  re¬ 
verse  bias,  induced  by  hot-carrier  stress,  over  a  depletion 
region  that  increases  in  size  with  the  addition  of  positive 
oxide  charge.  A  decrease  in  the  peak  electric-field  along  the 
Si  surface,  Ep,  corresponds  to  a  decrease  in  the  probability 
of  hot-carrier  injection,  according  to  the  relation[26] 

oc  ^  (3) 

where  A  represents  the  mean  free  path  of  the  carriers,  and 
<t>h  represents  the  potential  barrier  presented  by  the  oxide. 
Since  a  consequence  of  radiation  stress  is  the  creation  of 
positive  oxide  trapped  charge,  it  follows  that  the  effect 
of  radiation  is  to  decrease  the  probability  of  subsequent 
hot-carier  injection  near  the  emitter-base  junction.  This 
realization  accounts,  in  part,  for  the  improvement  in  the 
hot-carrier  response  observed  in  the  irradiated  npn  BJTs. 

It  should  be  noted  that  the  increase  in  the  electric- 
field  far  from  the  emit  ter- base  junction  which  accompanies 
the  spreading  of  the  emitter-base  depletion  region  could 
complicate  the  process  of  hot-carrier  injection  in  modern 
bipolar  structures  having  oxides  much  thinner  than  the 
545  nm  oxide  used  in  the  experimental  test  device.  Even 
in  the  absence  of  oxide  charge,  a  poly-Si  emitter  overly¬ 
ing  an  especially  thin  oxide  can  act  as  a  field  plate  which 
creates  a  non-negligible  electric-field  in  the  extrinsic  base 
beneath  it [27].  The  addition  of  radiation- induced  positive 
oxide  charge  might  be  expected  to  increase  the  electric-field 
in  such  structures  to  magnitudes  sufficient  to  create  hot- 
carriers  far  from  the  emitter-base  junction,  thereby  shifting 
localization  of  hot-carrier  injection  to  a  relatively  large  re¬ 
gion  of  the  emitter-base  depletion  region  covering  much  of 
the  extrinsic  base. 


In  addition  to  altering  the  probability  of  hot-carrier  in¬ 
jection  throughout  the  emitter-base  depletion  region,  ra¬ 
diation  damage  has  a  pronounced  effect  on  the  way  in 
which  injected  carriers  affect  recombination  current  in  the 
base.  As  evidenced  by  the  reversal  of  current  gain  degra¬ 
dation  demonstrated  in  this  study,  a  significant  amount 
of  radiation-induced  damage  can  be  negated  by  the  subse¬ 
quent  application  of  hot-carrier  stress.  Two  defects  widely 
studied  in  the  radiation  effects  of  Si-Si02  structures  which 
are  relevant  to  this  transpiration  are:  (i)  trapped  holes  in 
the  bulk  of  the  oxide[28-30],  which  are  commonly  associ¬ 
ated  with  E*  centers[31-34],  a  term  used  to  describe  un¬ 
paired  electrons  trapped  on  Si  sp^  orbitals  projecting  into 
O  vacancies,  and  (ii)  neutral  electron  trapping  sites[35-3d], 
also  located  in  the  oxide  bulk,  which  are  thought  to  be 
formed  principally  through  the  rupture  of  strained  bonds 
in  the  creation  of  electron- hole  pairs. 

The  process  whereby  current  gain  degraded  by  radia¬ 
tion  is  partially  recovered  most  likely  is  due  to  a  combi¬ 
nation  of  two  events  occuring  in  the  oxide  overlying  the 
emitter-base  junction.  In  one  event,  some  of  the  elec¬ 
trons  injected  into  the  oxide  during  hot-carrier  stress  re¬ 
combine  with  trapped  holes  created  by  radiation,  in  which 
case  the  result  is  to  neutralize  those  radiation-induced  de¬ 
fects.  In  the  second  event,  other  injected  electrons  become 
captured  by  the  neutrad  electron  traps,  thereby  charging 
the  traps  negative  and  compensating  remaining  positive 
charges  trapped  in  the  oxide.  In  either  case,  the  result  of 
these  electron  capture  processes  is  to  decrease  the  electro¬ 
static  potential  within  the  emitter-base  depletion  region 
and  thereby  decrease  the  recombination  current  measured 
at  the  base  terminal.  This  reduction  of  excess  base  current 
and  corresponding  increase  in  current  gain  is  a  remarkable 
observation  in  that,  until  now,  hot-carrier  stress  has  been 
associated  only  with  the  degradation  of  BJT  performance. 

The  reduction  of  excess  base  current  does  not  continue 
indefinitely,  however.  As  radiation  damage  is  being  neu¬ 
tralized  and  compensated  by  injected  electrons,  G-R  cen¬ 
ters  are  created  continuously  at  the  oxide  interface.  Since 
the  G-R  centers  act  to  increase  excess  base  current  by 
increasing  the  surface  recombination  velocity,  there  exist 
competing  mechanisms  by  which  current  gain  is  affected. 
An  expression  formalized  elsewhere[39]  which  allows  the 
assessment  of  the  relative  contributions  of  these  mecha¬ 
nisms  to  the  excess  base  current  which  flows  at  the  surface 
of  the  base  is 

A/fl  a  iVr  [Ir,  +  exp(-^^)]  t  (-1) 

where  Nt  and  Nox  represent  the  densities  of  G-R  centers 
and  oxide  charge,  respectively,  refers  to  the  location 
of  the  peak  in  surface  recombination  velocity,  and  /\.  and 
K2  are  constants  unrelated  to  stress.  Both  terms  in  this 
expression  contribute  to  the  excess  base  current  in  an  irra¬ 
diated  BJT,  whereas,  for  hot-carrier  stress,  primarily  the 
first  term  contributes.  Because  of  the  keen  sensitivity  of 
excess  base  current  to  changes  in  the  oxide  charge  density, 
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the  reduction  in  the  density  of  radiation-induced  positive 
oxide  charge  by  hot-carrier  stress  initially  drives  the  excess 
base  current  down,  even  as  G-R  centers  are  being  created. 
After  positive  charge  in  the  oxide  has  been  reduced  suf¬ 
ficiently,  its  contribution  to  excess  base  current  becomes 
dominated  by  that  of  the  G-R  centers,  and  the  excess  base 
current  begins  to  increase  again.  The  excess  base  current 
never  returns  to  zero,  because  the  process  of  positive  oxide 
charge  reduction  itself 'create  G-R  centers,  and  because 
the  injection  of  electrons  which  precipitates  the  reduction 
is  localized  near  the  emitter-base  junction. 

Since  the  effects  of  radiation  damage  on  subsequent  hot- 
carrier  stress  generally  are  to  hamper  the  increase  in  excess 
base  current,  while  hot-carrier  damage  has  little  effect  on 
subsequent  radiation  stress,  current  gain  degradation  in 
npn  BJTs  due  to  a  combination  of  the  two  stress  types 
is  least  severe  when  radiation  stress  precedes  hot-carrier 
stress.  Alternatively,  a  bound  on  current  gain  degradation 
is  achieved  when  hot-carrier  stress  is  performed  before  ir¬ 
radiation.  These  results  should  be  taken  into  account  in 
the  design  and  reliability  testing  of  npn  BJTs  to  be  used 
in  environments  in  which  they  will  be  subjected  to  both 
ionizing  radiation  and  hot-carrier  stress. 

V.  SUMMARY 

Identical  npn  BJTs  were  characterized  experimentally 
after  subjecting  them  to  various  combinations  of  ioniz¬ 
ing  radiation  and  hot-carrier  stress.  The  experiments  em¬ 
phasized  assessment  of  the  importance  of  the  stress  type 
sequence  in  determining  the  magnitude  of  current  gain 
degradation.  The  results  indicate  that  the  effects  of  the 
two  stress  types  on  current  gain  are  not  simply  additive. 
Degradation  of  current  gain  is  less  severe  when  irradiation 
precedes  hot-carrier  stress  than  it  is  when  the  order  of 
the  stress  types  is  reversed.  The  importance  of  the  stress 
type  sequence  is  attributed  primarily  to  an  improvement 
in  the  hot-carrier  response  of  the  BJT  due  to  radiation 
damage.  It  has  been  demonstrated  that  hot-carrier  stress 
initially  reduces  excess  base  current  and  improves  current 
gain  in  irradiated  BJTs.  PISCES  simulations,  which  mim¬ 
icked  the  hot-carrier  stressing  of  an  irradiated  npn  BJT,  re¬ 
vealed  that  net  positive  oxide  charge  induced  by  radiation 
significantly  reduces  the  peak  electric-field  in  the  emitter- 
base  depletion  region.  A  qualitative  model  based  on  the 
probability  of  hot-carrier  injection  determined  by  radia¬ 
tion  damage  and  on  the  neutralization  and  compensation 
of  radiation-induced  positive  oxide  charge  by  injected  elec¬ 
trons  has  been  proposed  to  explain  the  interaction  of  ion¬ 
izing  radiation  and  hot-carrier  stress  in  npn  BJTs.  The 
results  are  useful  in  bounding  the  damage  expected  from 
the  combined  stresses  of  ionizing  radiation  and  hot-carriers 
and  should  be  taken  into  account  when  designing  and  test¬ 
ing  npn  BJTs  for  use  in  mixed  environments. 
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Abstract  -  It  is  shown  experimentally  and  through  simulation 
that  reduced  screen  oxide  thickness  leads  to  increased  break¬ 
down  ventage  of  the  emitter-base  junction  and  reduced 

peak  electric  field  at  breakdown,  which  translates  into  im¬ 
proved  hot-carrier  reliability.  The  effect  of  reduced  screen 
oxide  thickness  on  the  peak  cutoff  frequency  is  minimal.  For 
these  devices,  thinning  the  screen  oxide  from  55  to  35  nm 
increases  by  0.2  V,  improves  the  hot-carrier-induced 

excess  base  current  by  more  than  an  order  of  magmtude  at  a 
base -emitter  voltage  of  0.6  V,  and  degrades  the  peak  cutoff 
frequency  by  only  3  percent. 


I.  INTRODUCTION 

The  current  gain  7^7 q  of  bipolar  transistors  is  degraded  when 
the  emitter-base  junction  is  reverse  biased  [1],  as  it  is  in  nor¬ 
mal  BiCMOS  circuit  operation  [2].  The  stress  leads  to  excess 
base  current  in  the  device  and  no  change  in  the  collector  cur¬ 
rent.  The  excess  base  current  is  caused  by  increased  surface 
recombination  velocity  due  to  surface  damage  created  during 
the  stress  [3,  4].  The  surface  damage  is  proportional  to  the 
injected  hot  electron  current  [3,  5]. 

The  injected  electron  current  into  the  oxide  depends  on  the 
strength  of  the  electric  field  at  the  oxide-silicon  interface  near 
the  emitter  base  junction  [6, 7].  By  reducing  the  electric  fields 
in  this  region  through  tailoring  the  impurity  profile,  improved 
hot-carrier  and  breakdown  performance  of  bipolar  devices  has 
been  reported  [8]. 

In  this  work,  we  show  that  similar  improvements  in  bipolar 
hot-carrier  and  breakdown  performance  can  be  obtained  by 
reducing  the  screen  oxide  tMckness  over  the  extrinsic  base. 
The  emitter  polysilicon  that  is  extended  over  the  oxide  to  ac¬ 


(a)  Current  Affiliation:  VTC,  Inc.,  Bloomington.  MN  55425- 
1350 

(b)  Current  Affiliation:  Dept,  of  EECS.  MIT,  Cambridge.  MA 
02139 

0-7803-21 17-0/94/$4.00  ©  1994  IEEE 


count  for  mask  alignment  design  rules  can  reduce  the  surface 
electric  fields  during  reverse-bias  stress,  and  thus  increase  the 
breakdown  voltage  and  suppress  hot-carrier  effects.  The  ac¬ 
tion  of  the  polysihcon  overlap  is  identical  to  that  of  the  field- 
plate  technique  that  is  commonly  used  for  high-voltage  junc¬ 
tion  termination  [9],  The  field  plate  technique  is  extremely 
simple  to  implement,  unlike  profile  tailoring  methods,  which 
require  precise  control  of  the  impurity  distribution  to  be  ef¬ 
fective  [8]. 

We  also  investigate  the  effect  of  screen  oxide  thickness  on 
cutoff  frequency, /j*.  It  is  shown  that  at  high  current  levels 
where  the  peak  cutoff  frequency  occurs,  the  cutoff  frequency 
is  limited  by  the  transit  time  and  not  by  capacitive  terms.  The 
increased  capacitance  due  to  the  reduced  screen  oxide  thick¬ 
ness  becomes  more  important  at  lower  current  levels,  but  the 
effect  is  still  reladveiy  small. 


II.  EXPERIMENTAL  Details 

A  cross-section  of  the  devices  studied  in  this  work  is  shown  in 
figure  1.  These  devices  are  NPN  polysilicon  emitter  bipolar 
transistors  fabricated  in  a  BiCMOS  process  closely  related  to 
that  described  in  [10].  The  surface  doping  of  the  extrinsic 
base  is  7.8  x  10^^  cm*^.  and  the  emitter  size  is  2  x  15  fun. 


BaM  Bnitter  Baae  CoUector 


H  ®  Ptoly*Ucoo  S  BPSO 


Figure  1.  Representative  cross-section  of  the  devices  studied  in  this 
work. 
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Different  screen  oxide  thicknesses  were  obtained  by  varying 
the  HF  dip  time  of  the  devices  after  the  base  implant  through 
the  screen  oxide.  The  final  screen  oxide  thicknesses  were 
determined  by  capacitance  measurements  on  MOS  lest  struc- 
tures.  Except  for  the  diiloent  HF  dip  times,  all  devices  re¬ 
ceived  the  same  processing.  All  the  devices  had  nominally 
identical  measured  dc  current  gain. 


III.  EXPERIMENTAL  RESULTS 

The  reverse  characteristics  of  the  emitter-base  junciicm  for  three 
of  the  devices  with  different  screen  oxide  thicknesses  are 
shown  in  figure  2.  It  is  seen  that  reduced  screen  oxide  thick¬ 
ness  leads  to  higher  breakdown  voltage.  This  indicates  that 
the  surface  electric  Helds  have  been  reduced  by  the  influence 
of  the  emitter  polysilicon  on  the  surface  potential  in  the  ex¬ 
trinsic  base. 

The  devices  were  stressed  with  a  constant  reverse  current  of 
900  nA  for  a  total  of  10,000  seconds.  This  current  places  the 
emitter-base  junction  well  into  avalanche  breakdown,  as  seen 
in  Hgure  2.  Constant  current  stress  ensures  that  the  same 
amount  of  avalanching  is  occurring  in  each  device,  although 
the  voltage  that  develops  across  the  junction  during  the  stress 
is  different 


Figure  Z  Measured  reverse  characteristics  of  the  emitter-base  junc¬ 
tion  for  three  different  screen  oxide  thicknesses. 


The  base  current  is  written  as  the  sum  of  pre-stress  and  excess 
current  as  /^  =  pre  excess  base  current,  AIq, 

measured  at  a  base-emitter  voltage  of  0.6  V  is  plotted  versus 
increasing  hot-carrier  stress  time  in  figure  3.  It  is  seen  that 
thiimer  oxides  lead  to  improved  hot-carrier  performance.  In¬ 
terestingly.  although  the  breakdown  voltage  of  the  junction 
has  only  been  increased  by  about  0.2  V  as  the  oxide  thickness 
decreases  from  46  to  30  nm,  as  seen  in  figure  2,  the  hot- 
carrier  performance  improves  by  nearly  an  order  of  magni¬ 
tude,  as  seen  in  figure  3. 


Figure  3.  Excess  base  current  at  a  base-emitter  voltage  of  0.6  V  ver¬ 
sus  stress  time  for  three  different  screen  oxide  thicknesses. 


IV.  MODEUNG 

Interface  trs^  creation  in  BJTs  due  to  hot  carrier  stress  is  pro¬ 
portional  to  the  hot-electron  current,  7^,,  injected  into  the 
oxide  during  the  stress  [3,  5].  The  increase  in  interface  trap 
density,  causes  an  increase  in  surface  recombination  ve¬ 
locity,  where  ^surf-  ^  ^th  ^7’  °  capture  cross- 
section,  and  is  the  thermal  carrier  velocity.  This  causes 
increased  recombination  in  the  emitter-base  depletion  region 
and  reduces  the  current  gain  [3  -  5]. 

In  figure  4,  PISCES -simulated  [11]  breakdown  voltage  and 
peak  electric  field  at  breakdown  of  the  emitter-base  junction 
is  plotted  versus  the  screen  oxide  thickness.  The  doping  pro¬ 
files  were  obtained  using  SUPREM  simulaiicxis  and  were  veri¬ 
fied  using  spreading  resistance  measurements.  Good  agree¬ 
ment  with  experimental  breakdown  voltage  data,  indicated  with 
error  bars,  is  evident.  It  is  seen  that  as  oxide  thickness  is  de¬ 
creased,  the  peak  surface  electric  field  at  breakdown  decreases. 
Physically,  the  reduced  surface  electric  fields  mean  that  more 
avalanching  is  occurring  away  from  the  oxide -silicon  inter¬ 
face,  which  translates  into  a  reduced  probability  of  hot-elec¬ 
tron  injection  [6. 7].  Since  decreases,  and  thus  AIq 
decreases  for  a  given  stress  time.  This  explains  the  expen- 
mentally-observed  trend  in  figure  3  that  reduced  screen  oxide 
thickness  leads  to  improved  hot-carrier  reliability. 

In  figure  5,  PISCES-simulated  cutoff  frequency  is  plotted  ver¬ 
sus  collector  current  for  a  wide  range  of  oxide  thicknesses  It 
is  seen  that  oxide  thickness  affects  the  cutoff  frequency  at  low 
current  levels,  and  has  a  negligible  effect  at  the  higher  current 
levels. 


206 


280 


1994  Bipolar/BiCMOS  Circuits  &  Technology  Meeting  13.3 


Figure  4.  PISCES-simulated  peak  surface  electric  field  at  breakdown 
and  junction  breakdown  voltage  versus  screen  oxide  thickness.  The 
range  of  experimental  breakdown  voltage  data  is  indicated  with  error 
bars. 


Figure  5.  PISCES-simulated  cutoff  frequency  at  =  2  V  versus 
collector  current  for  several  screen  oxide  thicknesses. 


The  cutoff  frequency  in  a  BJT  may  be  expressed  as 


2z/r  /c  ^ 


+  c 


>) 


+ + 


^C^Jc 


(1) 


where  Iq  is  the  collector  current,  is  the  transit  time  for  elec¬ 

trons,  kT/q  is  the  thermal  voltage,  Cy^  is  the  emitter  junction 
capacitance,  Cj^  is  the  collector  Junction  c^)acitance,  and 
is  the  collector  resistance.  When  is  large,  dominates  the 
cutoff  frequency,  and  the  increase  in  Cy^  due  to  the  reduced 
screen  oxide  thickness  has  little  effect  As  Iq  is  reduced,  Cj^ 
has  more  of  an  effect  on  the  cutoff  frequency,  as  seen  in  figure 
5.  The  maximum  cutoff  frequency,  is  plotted  versus 

oxide  thickness  in  figure  6.  It  is  seen  experimentally  that,  for 
the  oxide  thicknesses  in  the  35  to  55  nm  range,  the  effect  on 
It  max  minimal. 


Figure  6,  Experimental  and  PISCES-simulated  maximum  cutoff 
frequency  at  =  2  V  versus  screen  oxide  thickness. 


SUMMARY 

Improved  hot-carrier  performance  in  BJTs  through  the  use  of 
a  field-plate  junction  termination  technique  was  reported.  By 
reducing  the  screen  oxide  thickness  over  the  extrinsic  base, 
higher  junction  breakdown  voltage  and  less  current-gain  deg¬ 
radation  during  constant  current  stressing  was  observed.  The 
effect  on  cutoff  frequency  was  shown  to  be  minimal  at  high 
current  levels  and  more  important  at  lower  current  levels. 
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ABSTRACT 

Process  and  device  simulation  software  tools  are  used  to 
produce  an  animated  visualization  of  the  mechanisms  involved 
in  the  ionizing-radiation  and  hot-carrier  stress  responses  of 
BJTs.  A  physically-based  model  is  presented,  which  compares 
ionizing-radiation  response  with  hot-carrier  response  in  poly- 
silicon-emitier  BJTs.  During  ionizing  radiation,  positive  charge 
accumulates  along  the  oxide-silicon  interface.  The  accumu¬ 
lated  charge  causes  excess  base  current  to  flow,  characterized 
by  an  ideality  factor  between  one  and  two  for  low  total  doses 
of  ionizing  radiation,  and  an  ideality  factor  of  two  for  high 
total  doses  of  ionizing  radiation.  During  hoi-carrier  stress,  the 
oxide  damage  is  localized  near  the  emitter-base  junction,  and 
the  excess  base  current  has  an  ideality  factor  of  two. 

INTRODUCTION 

The  cuirent  gain,  Ic/Ib»  BJTs  is  reduced  after  expo¬ 
sure  to  ionizing  radiation  [1-4],  or  after  the  emitter-base  Junc¬ 
tion  is  su'ongly  reverse-biased  [5].  The  gain  decreases  in  both 
cases,  as  damage  to  the  oxide  over  the  emitter-base  junction 
causes  the  base  current  to  increase,  while  the  collector  current 
remains  approximately  constant  The  excess  base  current,  AIb, 
is  caused  by  recombination  in  the  emitter-base  depletion  re¬ 
gion,  as  a  result  of  the  introduction  of  positive  oxide  charge 
and  interface  states  at  the  oxide-silicon  interface  [3-4].  Trapped 
positive  charge  along  the  interface  increases  the  surface  po¬ 
tential  in  the  extrinsic  base.  This  increase  in  potential  depletes 
the  extrinsic  base  and  causes  excess  base  current  to  flow  [3-4]. 
For  hot-carrier  stress,  AIb  is  caused  primarily  by  interface  slates 
concentrated  in  the  oxide  over  the  emitter-base  junction  dur¬ 
ing  reverse-bias  stress  [6-10].  For  ionizing  radiation,  AIb  is 
caused  by  an  interactive  combination  of  interface  states  and 
trapped  oxide  charge  [3-4]. 

A  physical  model,  based  on  the  mechanisms  described 
above,  has  been  proposed  for  the  recombination  current  in  the 
extrinsic  base  [11].  As  the  surface  potential  increases  due  to 
trapped  positive  charge,  the  region  of  high  recombination 
broadens  and  moves  into  the  extrinsic  base.  When  sufficient 
charge  has  been  accumulated  to  bring  the  surface  of  the  extrin¬ 
sic  base  to  the  crossover  condition  (n  =  p),  further  increases  in 
charge  move  the  recombination  peak  away  from  the  surface 
and  into  the  bulk  [3].  The  movement  of  the  recombination 
peak  is  a  complex  phenomenon  that  varies  in  two  dimensions 
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and  also  with  time,  making  it  very  difficult  to  represent  in  static 
form.  An  intuitive  understanding  of  the  movement  of  recom¬ 
bination  current  from  the  surface  to  the  subsurface  of  the  ex¬ 
trinsic  base  is  significantly  enhanced  with  the  aid  of  computer 
simulation.*  In  this  woric,  a  series  of  graphic  solution  plots 
were  time-sequenced  to  fonn  an  animated  two-dimensional  rep¬ 
resentation  of  recombination  rate  versus  position  in  the  de¬ 
vice,  as  different  amounts  of  positive  charge  were  introduced 
into  the  emitter-base  junction  oxide.  This  paper  describes  the 
mechanisms  responsible  for  the  gain  degradation  and  explains 
how  the  simulation  tools  can  be  used  to  understand  the  effects. 

EXPERIMENT 

The  devices  studied  are  NPN  polysilicon  emitter  bipolar 
transistors  fabricated  in  a  BiCMOS  process  [12].  Emitter  ge¬ 
ometry  ranges  from  1.5  )im  x  1.5  pm  to  14  pm  x  14  pm,  and 
includes  2  pm  x  50pm  and  2  pm  x  15  pm  devices.  A  repre¬ 
sentative  cross-section  of  a  device  is  shown  in  Fig.  1. 


Bsk  Emitier  B«k  CoUector 


Q  Oxide  ■  Met4  Q  PolyaliaM  ^  BPSG 


Figure  1.  NPN  Polysiiicon  Eminer  BJT;  Cross  section  view. 

Some  of  the  devices  were  irradiated  with  10  keV  X- 
rays  at  a  dose  rate  1.7  krad(Si02)/s  up  to  a  total  dose  of 

1  Mrad(Si02).  All  pins  were  grounded  during  irradiation. 
Other  devices  were  subjected  to  a  constant  reverse  current  of 

2  pA  through  the  base-emitter  junction  with  the  collector  open 
for  a  total  of  2,048  seconds.  This  value  of  constant  current 
places  the  base-emitter  junction  well  into  avalanche  breakdown. 

The  normalized  current  gains  versus  base-emitter  voltage 
for  irradiation  and  hot-carrier  stress  are  plotted  in  Fig.  2  and 
Fig.  3,  respectively.  Notice  that  the  current  gain  deaeases  as 
the  total  dose  increases  and  also  as  the  hot-carrier  stress  time 
increases.  Also  note  that  the  graphs  of  both  stress  types  ap¬ 
pear  to  be  qualitatively  similar. 

*  Simulation  tools  provided  by  SILVACO  International 
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Baie-Eimticr  Voluge  [V] 


Figure  2.  Normalized  current  gain  versus  base-emitter  voltage  for  various 
values  of  total  ionizing  dose. 


BaM^Eouner  Voluge  [V] 


Figure  3.  Normalized  current  gain  versus  base-emitter  voltage  for  various 
values  of  hot-carrier  stress  ume. 

The  net  base  current  1b,  defined  as 


where  lB,pre  is  the  device  base  current  before  stress^  and  AIb 
is  the  recombination  current  in  the  emitter-base  depletion  re¬ 
gion  due  to  irradiation  or  hot-carrier  stress. 

Recombination  current,  AIb,  in  P-N  junctions  varies  as 

^B  =  ^Boe^P^/[nV^ 

where  Vt  is  the  thermal  voltage  {kT/q\  A/bo  is  a  device- 
dependent  constant,  and  /i,  the  ideality  factor,  depends  on  the 
oxide  charge  and  forward  voltage,  V.  Figure  4  and  Figure  5 


show  plots  of  excess  base  current,  AIb,  versus  base  emitter 
voltage,  Vbe,  for  irradiation  and  hot<arrier  stress,  respectively. 
From  Fig.  4,  for  low  total  dose,  the  curves  have  a  slope  corre¬ 
sponding  to  an  ideality  factor  of  n  =  2  for  large  Vbe  and  a 
slope  corresponding  to  1  <  n  <  2  for  small  Vbe.  For  relatively 
high  total  doses,  the  excess  base  current  exhibits  n  =  2  for  nearly 
the  entire  voltage  range.  The  curves  in  Fig.  5  exhibit  an  ideal¬ 
ity  factor  of  n  =  2  for  all  stress  times.  An  ideality  factor  of 
n  =  2  denotes  predominantly  bulk  recombination,  while 
1  <  n  <  2  denotes  predominantly  surface  recombination  [3]. 

The  movement  of  recombination  current  from  surface  to 
subsurface  is  an  inherently  two-dimensional  effect,  which  does 
not  lend  itself  to  visualization  in  static  media.  A  useful  way  to 
demonstrate  the  effect  is  to  have  it  visually  represented  by  ani¬ 
mating  two-dimensional  representations  of  the  recombination 
rates  throughout  the  device  structure  for  different  stress  levels. 


Bm-Ennocr  VoIU|«  [V] 

Figure  4,  Excess  base  currem  versus  base -emitter  voltages  for  different 
values  of  total  iomziag  dose. 


Base-Eminer  Voluge  (V) 

Figure  5.  Excess  base  current  versus  base-emitter  voltage  for  increasing 
levels  of  hot-carrier  stress  time. 
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SIMULATIONS 

The  devices  were  simulated  using  the  two-dimensional 
SPISCES  code  [13].  The  doping  profiles  were  obtained  from 
SSUPREM4  [14]  and  verified  with  spreading  resistance  mea¬ 
surements.  The  electrical  characteristics  of  the  simulated  de¬ 
vice  were  chosen  to  match  the  parameters  of  the  real  device  as 
closely  as  possible. 

The  effects  of  ionizing  radiation  were  simulated  by  intro¬ 
ducing  positive  charge  at  the  oxide  interface  along  the  base 
and  emitter.  Hot-carrier  stress  was  modeled  by  increasing  the 
surface  recombination  velocity  near  the  emitter-base  junction. 
This  simulation  approach  is  consistent  with  results  obtained 
using  charge-separation  techniques  and  test  structures  [3,11,15]. 
The  movement  of  recombination  current  from  surface  to  sub¬ 
surface  may  be  visualized  by  examining  Figs.  6  through  9. 
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Figures  7  through  9  are  obtained  from  SPISCES  simulations, 
and  they  demonsffate  the  movement  of  the  recombination  cur¬ 
rent  into  the  substrate,  as  positive  charge  is  added  along  the 
oxide  interface. 

Sequenced  solution  plots  are  cascaded,  as  discrete  amounts 
of  positive  charge  are  added  to  the  oxide  interface.  These  static 
individual  solutions  can  be  animated  and  visualized.  This  tech¬ 
nique  presents  an  intuitive  and  dynamic  view  of  recombina¬ 
tion  mechanism  information,  such  as  the  recombination  rates 
shown  in  Figs.  7  and  8,  and  the  excess  base  currents  shown  in 
Fig.  9. 


Figure  8.  SPISCES-simuUled  surface  poiential  and  surface  recombination 
rate  versus  lateral  position  near  the  enutter-base  junction.  The  base-emitter 
voluge  IS  0.5  V  with  various  amounts  of  oxide  charge.No^.  in  units  of  cm  ^ 


Figure  6.  Schematic  cross-section  of  the  base-emitter  junction  showing  the 
effect  of  oxide  charge  on  the  depletion  layer. 
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Figure  7.  SPISCES  simulated  recombination  rate  versus  position  normal  to 
the  interface  for  =  0.5  V  and  various  amounts  of  posiuve  oxide  charge. 


Figure  9.  SPISCES^simulated  excess  base  current  versus  oxide  charge. 
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Note  that  as  the  oxide  charge  is  increased,  the  recombina¬ 
tion  peak  moves  subsurface.  When  there  is  sufficient  oxide 
charge  to  bring  the  surface  of  the  extrinsic  base  to  the  cross¬ 
over  condition  (n  =  p),  further  increases  in  charge  move  the 
recombination  peak  away  from  the  surface  and  into  the  bulk, 
as  seen  in  Fig.  8.  This  effect  is  further  illustrated  in  Fig.  9, 
showing  excess  base  current  versus  oxide  charge.  Note  from 
Fig.  9  that  after  a  critical  value  of  oxide  charge  has  been  intro¬ 
duced,  the  excess  base  current  stops  increasing  and  appears  to 
saturate  due  to  the  recombination  movement  below  the  sur¬ 
face  of  the  extrinsic  base.  Any  oxide  charge  added,  in  excess 
of  the  critical  value  of  oxide  charge,  does  not  affect  the  recom¬ 
bination  rate  due  to  the  subsurface  movement  of  recombina¬ 
tion,  and  so  does  not  affect  the  excess  base  current  [15-16]. 

The  damage  due  to  ionizing  radiation  is  limited,  because 
for  Nox  greater  than  some  critical  value,  recombination  cur¬ 
rent  flows  primarily  below  the  oxide-silicon  interface.  The 
device  then  becomes  insensitive  to  further  increases  in  surface 
damage  [15-16].  The  damage  due  to  hot-carrier  stress,  how¬ 
ever,  is  proportional  to  the  amount  of  charge  passed  through 
the  emitter-base  junction  [8,17]. 

CONCLUSION 

A  physically-based  model  for  current  gain  degradation 
caused  by  irradiation  and  hot-carrier  stress  in  DJTs  has  been 
presented.  The  validity  of  the  model  is  demonstrated  by  physi¬ 
cally-based  device  simulation  using  SPISCES  device  simula¬ 
tion  software.  Visualization  of  the  degradation  dynamics,  us¬ 
ing  device  simulation  tools  is  an  effective  method  to  represent 
the  process  of  change  in  recombination  current  due  to  stress, 
resulting  in  current  gain  degradation. 
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Abstract 

Current  gain  degradation  due  to  ionizing  radiation  in 
complementary  single-crystalline  emitter  bipolar  transis¬ 
tors  was  found  to  grow  progressively  worse  upon  subject¬ 
ing  the  transistors  to  repeated  cycles  of  radiation  exposure 
and  high- temperature  anneal.  The  increase  in  radiation 
sensitivity  is  independent  of  the  emitter  polarity  or  geom¬ 
etry  and  is  most  dramatic  between  the  first  and  second 
radiation  and  anneal  cycles.  In  parallel  with  the  current 
gain  measurements,  samples  from  a  monitor  wafer  simulat¬ 
ing  the  screen  oxide  region  above  the  extrinsic  base  in  the 
npn  transistors  were  measured  for  mechanical  stress  while 
undergoing  similar  cycles  of  irradiation  and  anneal.  The 
oxide  on  the  monitor  wafer  consisted  of  a  45  nm  thermal 
layer  and  a  640  nm  deposited  layer.  The  results  indicate 
that  ionizing  radiation  helped  relieve  compressive  stress  at 
the  Si  surface.  The  magnitude  of  the  stress  change  due  to 
radiation  is  smaller  than  the  stress  induced  by  the  emit¬ 
ter  contact  metallization  followed  by  a  post-met adlization 
anneal.  Correlation  of  radiation  sensitivity  in  the  bipolar 
transistors  and  mechanical  stress  in  the  monitor  wafer  sug¬ 
gests  that  mechanical  stress  may  be  influential  in  determin¬ 
ing  the  radiation  hardness  of  bipolar  transistors  and  lends 
validation  to  previously  reported  observations  that  Si-Si02 
interfaces  are  increasingly  more  susceptible  to  radiation 
damage  with  decreasing  Si  compressive  stress.  Possible 
mechanisms  for  the  observed  changes  in  stress  and  their 
effect  on  the  radiation  sensitivity  of  the  bipolar  transistors 
are  discussed. 

L  INTRODUCTION 

It  has  been  reported  in  a  number  of  related  studies 
that  mechanical  stress  is  strongly  linked  to  the  radiation 
hardness  of  Si-Si02  structures.  In  Al-gate  metal-oxide- 
silicon  capacitors  (MOS-Cs),  stress  distributions  modified 
by  systematic  variations  in  gate  geometry [1],  gate  thick- 
ness[2]  and  time  lapse  following  post-metallization  anneal 
(PM A) [3]  have  been  correlated  with  radiation  sensitivity. 
Similar  dependences  on  gate-induced  stress  of  the  radia¬ 
tion  hardness  of  silicide-gate  MOS-Cs[4]  and  the  annealing 
of  radiation-induced  interface  traps  in  Al-gate  MOS-Cs[5] 

1  This  work  was  supported  in  part  by  the  Defense  Nuclear 
Agency  under  contract  no.  DNA001-92-C-0022. 


^Semiconductor  Electronics  Division 
National  Institute  of  Standards  and  Technology 
Gaithersburg,  MD  20899 

have  been  reported.  In  related  work,  x-ray  photoelectron 
spectroscopy  (XPS)  studies  have  revealed  a  link  between 
the  radiation  hardness  of  thermal  oxides  and  the  concen¬ 
tration  of  strained  bonds  near  the  Si-Si02  interface[6,7]. 
Since  disclosure  of  these  results,  numerous  improvements 
in  the  radiation  hardness  of  metai-insulator-semiconductor 
(MIS)  devices  have  been  attributed  to  modifications  in  Si- 
Si02  interfacial  stress.  Notable  examples  include  the  re¬ 
duction  in  radiation  sensitivity  of  MOS-Cs  due  to  the  in¬ 
corporation  of  Cl[8],  F[9]  or  N[i0]  into  the  oxide  layer  and 
improvements  in  the  radiation  tolerance  of  thermal  oxides 
prepared  by  rapid  thermal  oxidation  at  increased  oxidation 
temperatures[ll]. 

One  particular  collection  of  work  relating  mechanical 
stress  to  the  radiation  sensitivity  of  MIS  devices  has  drawn 
considerable  attention  due  to  its  potential  significance  for 
device  hardening.  This  work  reports  dramatic  improve¬ 
ments  in  the  radiation  hardness  of  MOS-Cs[12],  metal- 
oxide-nitride-oxide-silicon  capacitors  (MONOS-Cs)[13]  and 
metal-oxide-silicon  field  effect  transistors  (MOSFETs)[14] 
due  to  repeated  cycles  of  ionizing  radiation  and  high-temp- 
erature  anneal.  The  authors  suggest  that  radiation  itself 
is  an  impetus  for  improving  the  radiation  hardness  of  MIS 
devices  through  a  change  in  Si-Si02  interfacial  stress,  al¬ 
though  they  make  no  measurements  to  quantify  any  effects 
of  radiation  on  stress.  Whereas  radiation-induced  changes 
in  the  mechanical  stress  of  metal-oxide-silicon  (MOS)  de¬ 
vice  materials  have  been  observed[15],  very  little  is  actually 
known  about  the  direction  in  which  ionizing  radiation  may 
change  stress  in  Si-Si02  structures,  the  magnitude  of  any 
such  changes,  or  the  physical  mechanisms  by  which  these 
changes  may  occur. 

In  integrated  bipolar  junction  transistors  (BJTs),  the 
Si-Si02  interface  immediately  above  the  emitter-base  junc¬ 
tion  plays  a  very  important  role  in  the  device’s  radiation 
response.  The  oxide  at  this  interface  typically  is  used  as 
a  screen  for  base  implants  and  may  include  a  deposited 
layer.  Ionizing  radiation  degrades  current  gain  in  BJTs  by 
introducing  trapped  net  positive  charge  and  interface  traps 
into  the  oxide[16,17].  The  positive  oxide  trapped  charge 
spreads  the  emitter-base  depletion  region,  which  results  in 
increased  recombination  current  in  the  base  under  forward- 
biased  operation  of  the  junction[18,19].  Radiation-induced 
interface  traps,  especially  those  near  midgap,  serve  as  gene¬ 
ration-recombination  (G-R)  centers  through  which  recom¬ 
bination  current  in  the  base  is  further  increased  due  to 
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enhanced  surface  recombination  velocity[20].  The  defects 
generated  by  radiation  degrade  current  gain,  since  they 
increase  base  current  while  affecting  the  collector  current 
negligibly.  Given  the  relationship  of  radiation  damage  and 
mechanical  stress  observed  in  MIS  devices^  stress  might 
also  be  expected  to  play  a  role  in  the  radiation  response  of 
BJTs.  Furthermore,  because  of  the  implications  for  hard¬ 
ening  BJTs  to  radiation,  it  is  of  considerable  interest  to 
examine  the  effect  6f  radiation  and  anneal  cycles  on  the 
radiation  hardness  of  BJTs  as  has  been  done  with  MIS 
devices. 

In  this  study,  complementary  single-crystalline  emitter 
BJTs  with  oxides  consisting  of  a  thermal  layer  and  a  thick 
deposited  layer  were  characterized  for  radiation-induced 
current  gain  degradation  while  receiving  repeated  cycles 
of  ionizing  radiation  and  high-temperature  anneal.  In  pair- 
allel,  monitor  wafers  processed  with  the  same  two-layer  ox¬ 
ide  were  measured  for  mechanical  stress  while  undergoing 
similau*  cycles  of  irradiation  and  anneal.  It  is  shown  that 
compressive  stress  existing  in  the  Si  prior  to  irradiation  is 
relieved  slightly  by  the  radiation  process.  In  contrast  with 
claims  made  for  MIS  devices,  radiation  and  anneal  treat¬ 
ments  degrade  the  radiation  hardness  of  the  BJTs.  Corre¬ 
lation  of  radiation  sensitivity  in  the  BJTs  and  stress  in  the 
monitor  wafers  is  consistent  with  previously  reported  ob¬ 
servations  of  MOS  structures  that  decreasing  compressive 
Si  stress  leads  to  increased  radiation  sensitivity,  suggest¬ 
ing  that  the  changes  in  device  radiation  hardness  due  to 
repeated  cycles  of  irradiation  and  anneal  maybe  explained, 
at  least  in  part,  by  radiation-induced  changes  in  stress. 

11.  EXPERIMENT 
A.  Description  of  BJT  Technology 

The  bipolair  transistors  investigated  in  this  work  were 
fabricated  on  bonded  (100)  silicon-on-insulator  wafers  in 
a  complementary  bipolar  process[21]  and  mounted  in  ce¬ 
ramic  dual-in-line  packages.  The  devices  are  dielectrically 
isolated  by  a  trench  etch  and  refill  process  and  have  stan¬ 
dard  single-crystalline  emitters  with  emitter  geometries  of 
either  a  single  1.5  x  1.5  /^m^  square  or  three  1.5  x  10  pm^ 
rectangular  stripes.  The  oxide  above  the  emitter-base  junc¬ 
tion  consists  of  a  640  nm  layer  deposited  by  low-pressure 
chemical  vapor  deposition  (LPCVD)  on  a  45  nm  thermal 
layer  grown  in  dry  02*  The  thermed  oxide  is  used  as  a 
screen  for  base  implants  in  both  the  npn  and  pnp  devices. 
Relevamt  device  parameters  are  listed  in  Table  I,  while  a 
cross-section  of  the  npn  device  is  shown  in  Fig.  1(a).  The 
cross-section  is  useful  for  visualizing  the  physical  mecha¬ 
nisms  by  which  ionizing  radiation  degrades  current  gain  in 
the  device. 

The  Si-Si02  interface  above  the  extrinsic  base  is  where 
mechanical  stress  is  most  relevant  to  the  device’s  radiation 
response,  since  it  is  this  oxide  where  radiation  damage  has 
the  greatest  effect  on  current  gain.  However,  because  the 
small  target  area  and  the  complexity  of  overlying  materials 


Table  I.  Relevant  Device  Parameters 

Parameter 

npn 

pnp 

oxide  thickness  [nm] 

685 

685 

emitter-base  junction  depth  [nm] 

300 

300 

active  base  width  [nm] 

800 

800 

peak  extrinsic  base  doping  [10^^  cm”^] 

1.1 

3.2 

peak  current  gain 

65 

40 

at  peak  current  gain  [V] 

0.65 

-0.58 

preclude  meaningful  strain  measurements  at  this  interface 
by  x-ray  diffraction,  a  monitor  wafer  from  the  same  bipolar 
process  was  specially  fabricated  for  the  purpose  of  strain 
characterization.  The  monitor  wafer  was  processed  with 
the  same  two-layer  oxide  and  p-type  base  over  its  entire 
surface  as  exist  in  the  fully- processed  npn  BJT.  On  half  of 
the  wafer,  the  emitter  contact  metallization  was  simulated 
by  sputtering  a  75  nm  Ti  barrier  layer  and  a  750  nm  A1 
layer  over  the  oxide.  Following  metallization,  the  wafer 
was  annealed  at  450  for  30  min  in  N2.  Finally  the  wafer 
was  cut  into  1.5  cm  x  3  cm  pieces  suitable  for  mounting 
in  the  x-ray  diffractometer.  A  cross-section  of  the  monitor 
wafer  is  provided  in  Fig.  1(b),  and  the  region  in  the  BJT 
simulated  by  the  monitor  wafer  is  emphasized  in  Fig.  1(a) 
for  clarity.  As  stress  in  the  fully- processed  BJT  may  be 
exacerbated  by  additional  material  layers  and  geometry 
constraints,  it  should  be  made  clear  that  the  monitor  wafer 
is  intended  only  to  provide  a  fair  qualitative  understanding 
of  the  effects  of  radiation  on  mechanical  stress  in  the  base 
of  the  BJT  and  not  an  exact  assessment  of  stress  in  the 
base  at  any  point  in  the  experiment. 


region  simulated  by  monitor  wafer 


A1  ■  Ti  O  deposited  oxide  EQ  thermal  oxide 


(b) 

Fig.  1.  (a)  A  cross-section  of  the  npn  bipolar  transistor  inves¬ 
tigated  in  this  work  emphasizing  the  region  simulated  by  the 
monitor  wafer,  (b)  A  cross-section  of  the  monitor  wafer  used 
for  the  mechanical  stress  measurements. 
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B.  Effect  of  Radiation  and  Anneal  Cycles  on  BJT 
Radiation  Hardness 

Six  groups  of  BJTs  were  investigated  individually  for 
radiation-induced  current  gain  degradation  while  under¬ 
going  a  total  of  four  cycles  of  ionizing  radiation  exposure 
and  high- temperature  anneal.  Each  group  consisted  of  two 
npn  devices  and  two  pnp  devices,  where  the  two  devices 
of  either  polarity  hrfd  different  emitter  geometries.  Any 
given  group  received  the  same  total  dose  from  cycle  to 
cycle,  but  the  total  doses  administered  to  the  six  groups 
varied  from  250  to  4,000  Gy(Si02)  per  cycle.  The  irradia¬ 
tions  were  performed  with  a  ®°Co  7-source  at  a  dose  rate  of 
40  Gy(Si02)  hr”^,  during  which  the  devices  were  situated 
in  a  box  made  of  Pb  and  A1  designed  to  filter  low-energy 
photons.  Annealing  of  radiation  damage  was  performed  at 
275  in  N2  until  current  gains  were  restored  to  their  pre¬ 
radiation  values.  The  required  anneal  times  vsiried  between 
10  and  50  hr  depending  on  the  level  of  radiation  damage. 
All  device  terminals  were  grounded  during  both  the  irrar 
diation  and  anneal  steps.  The  temperature  at  which  the 
current  gains  were  measured  varied  less  than  2  ®C  over  the 
course  of  the  experiment. 

Current  gaun  characteristics  prior  to  any  radiation  ex¬ 
posure  and  following  the  first,  second  aind  third  exposures 
to  radiation  are  shown  for  a  representative  device  in  Fig.  2. 
These  particulaur  characteristics  were  measured  for  a  45  ptm? 
npn  device  that  received  a  total  dose  of  700  Gy(Si02) 
per  cycle.  All  current  gains  are  normalized  by  the  pre¬ 
radiation  peak  current  gain  and  are  shown  as  a  function 
of  base-to-emitter  voltage.  Gain  chaLracteristics  following 
each  complete  radiation  and  anneal  cycle  were  indistin¬ 
guishable  from  the  pre-radiation  characteristics.  Over  a 
wide  range  of  base-to-emitter  voltages,  it  is  clear  that  radia¬ 
tion-induced  current  gain  degradation  grows  more  severe 
with  an  increasing  number  of  radiation  and  anneal  cycles. 
The  increase  in  radiation  sensitivity  is  most  severe  follow¬ 
ing  the  first  cycle  and  diminishes  with  subsequent  cycles. 
Virtually  no  change  in  the  radiation  response  was  observed 
between  the  third  and  fourth  exposures  to  radiation.  Sim¬ 
ilar  differences  in  the  post- radiation  current  gain  charac¬ 
teristics  due  to  repeated  cycles  of  radiation  exposure  and 
anneal  were  observed  for  all  other  devices  characterized. 

These  trends  are  illustrated  in  another  form  in  Fig.  3 
along  with  data  from  the  other  devices  subjected  to  iden¬ 
tical  cycles  of  radiation  exposure  and  anneal.  Here  nor¬ 
malized  current  gain  following  irradiation  to  a  total  dose 
of  700  Gy(Si02)  is  plotted  as  a  function  of  the  number  of 
radiation  and  anneal  cycles  given  to  each  device  prior  to 
irradiation.  The  current  gains  were  measured  at  a  base- 
to-emitter  voltage  magnitude  of  0.6  V.  The  differences  in 
the  amount  of  current  gain  degradation  sustained  by  the 
various  devices  reflect  emitter  geometry  and  polarity  de¬ 
pendences  reported  elsewhere[22] .  The  ascertainment  that 
device  radiation  sensitivity  is  increased  following  repeated 
cycles  of  radiation  and  anneal,  especially  following  the  first 
cycle,  is  seen  here  to  be  independent  of  the  emitter  polarity 


Fig.  2.  Effect  of  radiation  and  anneal  cycles  on  radiation- 
induced  current  gain  degradation  in  a  representative  device. 
Gain  degradation  increases  with  an  increasing  number  of  cycles 
over  a  wide  range  of  base-to-emitter  voltages. 


Number  of  Cycles  Preceding  Irradiation 

Fig.  3.  Effect  of  radiation  and  anneal  cycles  on  radiation- 
induced  current  gain  degradation  in  a  representative  group  of 
devices.  Gain  degradation  increases  with  an  increasing  number 
of  cycles  independent  of  emitter  polarity  or  geometry.  All  data 
were  measured  at  |Va£;|  =0.6  V. 


or  geometry. 

Fig.  4  shows  the  changes  in  radiation-induced  current 
gain  degradation  to  be  manifested  in  the  excess  base  cur¬ 
rent,  AIb,  where  excess  base  current  is  defined  as  the  in¬ 
crease  in  base  current  due  to  radiation  exposure.  Excess 
base  currents  following  the  first,  second  and  third  irra¬ 
diations  are  plotted  in  Figs.  4(a)  and  4(b)  for  all  of  the 
2.25  fixn^  and  45  /im^  test  devices,  respectively,  as  a  func¬ 
tion  of  the  total  dose  delivered  per  cycle.  The  excess  base 
currents  were  measured  at  a  base-to-emitter  voltage  mag- 
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nitude  of  0.6  V  and  are  normalized  by  the  pre-radiation 
values  of  base  current  in  order  to  account  for  part-to-part 
variations.  These  results  establish  that  the  trends  in  in¬ 
creased  radiation  sensitivity  due  to  repeated  cycles  of  ra¬ 
diation  and  anneal  for  devices  of  any  emitter  polarity  and 
geometry  combination  are  apparent  over  a  wide  range  of 
total  doses.  Although  the  data  are  not  presented  in  this 
work,  similar  changes  in  the  radiation  sensitivity  of  poly- 
crystalline  emitter  BdTs  due  to  repeated  cycles  of  radiation 
and  anneal  were  observed,  indicating  this  to  be  a  common 
response  in  BJTs. 
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Fig.  4.  Effect  of  radiation  and  anneal  cycles  on  radiation- 
induced  excess  base  current  for  (a)  the  2.25  /im^  devices  and 
(b)  the  45  fim^  devices.  Excess  base  current  increases  with  an 
increasing  number  of  cycles  over  a  wide  range  of  total  doses. 
All  data  were  measured  at  =  0.6  V. 


C.  Effect  of  Radiation  and  Anneal  Cycles  on 
Si-Si O2  Interfacial  Stress 


Monitor  wafer  samples  simulating  the  Si-Si02  interface 
above  the  base  of  the  npn  BJTs  were  measured  for  me¬ 
chanical  stress  while  undergoing  two  cycles  of  radiation 
and  anneal  similew  to  those  applied  to  the  fully- pro  cessed 
BJTs.  Two  samples  with  metallization  and  two  samples 
without  metallization  were  characterized.  Before  begin¬ 
ning  the  experiment,  stresses  in  the  samples  were  allowed 
100  hr  following  the  PM  A  to  reach  equilibrium.  Irradia¬ 
tion  of  the  samples  was  performed  with  a  ®°Co  7-source  at 
a  dose  rate  of  40  Gy(Si02)  hr~^  One  metallized  sample 
and  one  unmetallized  sample  were  given  a  total  dose  of 
500  Gy(Si02)  per  cycle,  while  the  remaining  two  samples 
received  a  totzd  dose  of  4,000  Gy(Si02)  per  cycle.  The 
anneal  steps  were  performed  at  275  in  N2  for  10  hr. 
No  bias  was  applied  to  the  samples  during  the  course  of 
the  experiment.  The  stress  measurements  were  performed 
24  hr  following  the  completion  of  each  irradiation  or  anneal 
step. 

Values  for  mechanical  stress  at  the  Si  surface  were  com¬ 
puted  from  x-ray  diffraction  measurements[23]  taken  at 
room  temperature  with  a  powder  theta-theta  diffractome¬ 
ter,  X-rays  emitted  from  a  Cu  source  were  directed  through 
the  amorphous  Si02  layer  onto  the  Si  surface  of  the  sam¬ 
ple  under  test.  The  angle  of  x-ray  incidence  relative  to  the 
Si  surface  was  varied  until  a  peak  in  the  intensity  of  the 
radiation  reflected  from  the  {400}  planes  was  achieved  for 
each  of  the  ka^  and  ka^  wavelengths.  The  reflection  of  the 
x-rays  is  illustrated  in  Fig.  5,  where  the  relevant  geometry 
in  the  Si  is  emphasized.  The  strained  lattice  constant  was 
calculated  in  each  case  according  to  Bragg  ^s  law 


■  2A 

sinks’ 


(1) 


where  A  is  the  wavelength  of  the  radiation,  and  the  Bragg 
angle,  is  the  angle  of  incidence  required  for  a  peak  in 
the  reflected  intensity. 


Fig.  5.  The  measurement  of  Si  strain  by  x-ray  diffraction. 
Waves  reflected  from  different  planes  of  atoms  interfere  con¬ 
structively  when  the  difference  in  their  path  lengths,  2d  sin 
equals  an  integral  number  of  wavelengths. 
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The  strain  of  the  Si  lattice  in  the  direction  perpendic¬ 
ular  to  the  surface  was  calculated  from 


where  do  =  0.543072  nm[24]  represents  the  unstrained 
Si  lattice  constant,  and  3  represents  the  average  of  the 
strained  lattice  constants  determined  from  measurements 
with  the  two  wavefengths.  Finally  the  stress  induced  at 
the  Si  surface  within  the  interfacial  plane  was  related  to 
the  strain  by[25] 


where,  for  this  problem,  Young’s  modulus,  E,  is  defined 
as  the  ratio  of  uniaxial  tension  to  strain  in  an  arbitrary 
direction  x  within  the  (100)  Si  plane,  and  Poisson’s  ratio, 
u,  is  defined  as  the  ratio  of  compression  in  the  [100]  direc¬ 
tion  to  extension  in  the  direction  x  when  stressed  under 
tension  in  the  direction  x.  Although  the  individual  elastic 
constants  associated  with  {100}  Si  planes  vary  with  direc¬ 
tion,  the  quantity  =  1.805  x  10^^  Pa[26]  is  invariant 
with  direction. 

The  major  sources  of  error  in  the  x-ray  diffraction  mea¬ 
surements  are  misalignment  of  the  mounted  samples  with 
the  x-ray  source  and  the  estimation  of  the  peak  positions 
in  the  measured  diffraction  patterns.  The  position  of  each 
of  the  ibai  ^02  peaks  was  determined  by  fitting  a 
Lorentzian  distribution  to  the  discrete  measurement  points. 
Before  beginning  the  experiment,  it  was  determined  from 
repetitive  measurements  on  a  test  sample  that  the  com¬ 
bined  measurement  errors  resulted  in  a  standard  deviation 
of  approximately  0.6  arcsec  in  the  measurement  of  a  given 
Bragg  angle,  where  an  error  of  1  arcsec  in  the  Bragg  angle 
corresponds  to  an  error  of  approximately  1.3  x  10®  Pa  in 
stress. 

Because  the  resolution  in  a  single  stress  measurement 
was  comparable  in  magnitude  to  the  small  stresses  inher¬ 
ent  in  the  samples,  a  statistical  approach  based  on  large 
numbers  of  measurements  was  taken.  Four  replicates  per 
sample  were  included  in  the  analysis,  where  each  replicate 
was  measured  for  stress  a  minimum  of  eight  times  per  data 
point.  The  measurement  results  were  used  to  compute  80% 
confidence  intervals  for  stress  based  on  the  t-distribution 
and  the  standard  deviations  in  the  results[27].  Between 
successive  measurements,  each  sample  was  removed  from 
the  diffractometer  and  remounted.  No  references  internad 
to  the  samples  were  used  for  alignment.  For  each  data 
point  taken,  a  separate  set  of  at  least  16  diffraction  mea¬ 
surements  was  made  on  a  sample  from  an  unirradiated  bare 
Si  wafer,  where,  like  the  test  specimens,  the  sample  was 
remounted  between  successive  measurements.  The  mean 
Bragg  angle  computed  from  the  bare  Si  measurements  was 
used  as  a  reference  agadnst  which  to  calibrate  the  measure¬ 
ment  results  of  the  test  sample  replicates. 

The  measurement  results  are  summarized  in  Fig.  6, 
where  stress  at  the  Si  surface  is  plotted  prior  to  irradia¬ 
tion  and  following  each  radiation  or  anneal  step.  The  error 


bars  represent  the  80%  confidence  limits  described  above. 
A  negative  stress  value  indicates  a  tensile  stress,  while  a 
positive  stress  value  indicates  a  compressive  stress.  When 
the  Si  is  in  compression,  the  Si  lattice  is  expanded  in  the 
direction  normal  to  the  Si-Si02  interface.  Conversely,  the 
Si  lattice  is  contracted  normal  to  the  interface  when  the  Si 
is  in  tension.  The  initial  stress  measured  in  the  unmetal¬ 
lized  samples  is  comparable  in  orientatioci  and  magnitude 
to  stresses  measured  in  other  Si  samples  with  deposited 
oxides[28].  The  difference  in  the  initial  stresses  for  the 
metallized  and  unmetallized  samples  results  from  thermal 
contraction  of  the  A1  layer  following  the  PMA[29].  The 
results  indicate  that  each  radiation  and  anneal  cycle  helps 
relieve  compressive  stress  existing  at  the  Si  surface.  The 
change  in  stress  due  to  radiation  is  smaller  in  magnitude 
than  the  stress  induced  by  the  metallization.  Relaxation 
of  the  stress  is  more  pronounced  for  the  samples  receiving 
the  larger  total  dose.  The  small  increase  in  stress  following 
the  anneal  steps  in  the  unmetallized  samples  is  likely  due 
to  a  larger  thermal  expansion  coefficient  for  the  deposited 
oxide  as  compared  with  that  of  Si[28]. 

2.5  , - , 


u  without  metallization 


Fig.  6.  Effect  of  radiation  and  anneal  cycles  on  Si  surface 
stress  in  the  monitor  wafer.  Relaxation  of  compressive  stress  is 
smaller  than  the  stress  induced  by  the  metallization. 


D.  Correlation  of  BJT  Radiation  Hardness  and 
Si-Si O2  Interfacial  Stress 

In  Fig.  7,  radiation-induced  excess  base  current  in  the 
npn  BJTs  is  correlated  with  Si  surface  stress  in  the  mon¬ 
itor  wafer.  The  abscissas  for  Si  surface  stress  are  taken 
from  Fig.  6,  whereas  the  ordinates  for  normalized  excess 
base  current  come  from  Fig.  4.  Each  ordered  pair  maps 
BJT  radiation-induced  excess  base  current  in  a  given  ra¬ 
diation  and  anneal  cycle  to  Si  surface  stress  in  the  metal¬ 
lized  portion  of  the  monitor  wafer  at  the  start  of  the  cycle. 
Excess  base  currents  for  BJTs  with  both  emitter  geome- 


tries  are  included  and  correspond  to  total  doses  of  500  and 
4,000  Gy(Si02)  per  cycle  to  match  the  total  doses  delivered 
to  the  monitor  wafer  samples.  Progression  of  the  measure¬ 
ment  results  through  three  cycles  of  radiation  and  anneal  is 
from  right  to  left  along  any  one  of  the  curves  in  the  figure. 
Correlation  of  the  results  is  such  that,  as  Si  surface  stress 
in  the  monitor  wafer  is  made  less  compressive  by  repeated 
cycles  of  radiation  and  anneal,  radiation-induced  excess 
base  current  in  the  BJTs  increases  regardless  of  emitter 
geometry.  Because  of  the  likeness  of  the  monitor  wafer  to 
the  region  above  the  extrinsic  base  in  the  BJTs,  the  rela¬ 
tionship  suggests  that  the  radiation  hardness  of  the  BJTs 
degrades  with  decreasing  compressive  stress  along  the  sur¬ 
face  of  the  extrinsic  base.  This  inference  is  supported  by 
conclusions  from  studies  of  MOS-Cs  asserting  that  the  ra¬ 
diation  hardness  of  Si-Si02  interfaces  degrades  with  de¬ 
creasing  compressive  (increasing  tensile)  stress  at  the  Si 
surface[l-4]  and  implies  that  radiation-induced  changes  in 
stress  are  influential  in  effecting  the  observed  changes  in 
BJT  radiation  hardness  due  to  repeated  cycles  of  radia¬ 
tion  and  anneal. 


Fig.  7.  Correlation  of  radiation-induced  excess  base  current  in 
the  npn  BJTs  and  Si  surface  stress  in  the  monitor  wafer.  The 
trend  suggests  that  the  radiation  hardness  of  the  BJTs  degrades 
with  decreasing  compressive  stress  in  the  base.  The  excess  base 
currents  were  measured  at  Vbe  =  0.6  V. 

E.  Effect  of  Total  Dose  on  Si-Si O2  Interfacial 
Stress 

An  additional  pair  of  monitor  wafer  samples  with  and 
without  metallization  were  investigated  for  the  effect  of 
total  dose  on  Si  surface  stress  using  the  statistical  approach 
described  in  the  previous  experiment.  Pre-radiation  values 
of  stress  in  the  samples  were  measured  100  hr  following  the 
PMA.  The  samples  were  irradiated  without  bias  by  a  ®°Co 
7-source  at  a  dose  rate  of  200  Gy(Si02)  hr“^.  A  total 
dose  of  25  kGy(Si02)  was  delivered  to  the  samples,  during 


which  time  the  irradiation  was  interrupted  periodically  for 
additional  stress  measurements. 

The  measurement  results  are  shown  in  Fig.  8,  where  the 
error  bars  represent  the  80%  confidence  limits  for  stress. 
The  initial  stresses  reflect  the  effects  of  processing  men¬ 
tioned  earlier.  Compressive  stress  existing  at  the  Si  surface 
prior  to  irradiation  is  decreased  by  the  ionizing  radiation 
in  each  of  the  metallized  and  unmetallized  samples.  The 
amounts  of  stress  reduction  in  the  two  samples  are  similar. 
The  changes  in  stress  are  comparable  in  magnitude  to  those 
resulting  from  the  repeated  cycles  of  radiation  and  anneal 
described  previously,  indicating  that  stress  relaxation  in 
these  samples  is  associated  largely  with  irradiation  and  not 
with  annealing.  The  relaxation  of  stress  appears  to  persist 
for  approximately  10  kGy(Si02),  although  the  resolution 
of  such  small  changes  in  stress  is  inhibited  by  the  preci¬ 
sion  of  the  stress  measurements.  The  change  in  Si  surface 
stress  due  to  radiation  clearly  is  smaller  than  the  stress  in¬ 
duced  by  the  metallization.  Although  radiation  exposure 
modifies  stresses  in  these  samples,  the  results  demonstrate 
that  radiation- induced  stresses  in  Si-Si02  structures  can 
be  dominated  by  processing  effects. 


Total  Dose  [kGyCSiO^)] 

Fig.  8.  Effect  of  total  dose  on  Si  surface  stress  in  the  monitor 
w^er.  Relaxation  of  compressive  stress  is  smaller  than  the 
stress  induced  by  the  metallization. 


III.  DISCUSSION 

It  is  likely  that  a  change  in  oxide  density  contributed  to 
the  radiation-induced  stress  changes  observed  in  the  mon¬ 
itor  wafer.  Thermally  grown  Si02  films  on  Si  have  been 
reported  both  to  expand[30,31]  and  to  shrink[32,33]  in  vol¬ 
ume  upon  irradiation  with  energetic  ions  and  electrons. 
Bulk  vitreous  silica,  which  is  very  similar  in  structure  to 
oxides  deposited  by  chemical  vapor  deposition  (CVD)  tech- 
niques[34],  also  can  sustain  varied  changes  in  volume  due 
to  radiation.  Increases  in  density  due  to  neutron  radia- 


tion[35]  and  to  various  forms  of  ionizing  radiation[36]  have 
been  reported,  while  vitreous  silica  compacted  by  external 
pressure  has  been  shown  to  decrease  in  density  following 
exposure  to  x-rays  and  fuel  elements  of  a  nuclear  reac- 
tor[37,38]. 

The  current  understanding  of  radiation-induced  density 
changes  in  Si02  is  that  such  changes  are  dictated  by  the 
structural  order  of  the  particular  silica  form  and  by  the 
materiaFs  initial  density.  Specifically,  there  exists  some 
equilibrium  density,  such  that  dense  films  of  high  purity 
will  incur  a  decrease  in  density  due  to  radiation,  while 
more  porous  films  will  undergo  a  density  increase.  Since 
a  decrease  in  Si02  density  would  be  accompanied  by  a 
decrease  in  compressive  stress  (increase  in  tensile  stress) 
in  any  underlying  Si,  the  measurement  results  for  stress 
in  the  monitor  wafer  are  consistent  with  the  notion  that 
radiation  exposure  reduced  the  wafer’s  oxide  density.  Such 
consideration,  however,  is  complicated  by  the  fact  that  two 
oxide  layers  are  present.  In  this  regard,  it  is  interesting 
to  note  that  the  processing  of  the  monitor  wafer  included 
an  800  anneal  in  an  ambient  of  N2  and  O2  for  oxide 
densification. 

The  correlation  of  radiation  sensitivity  in  the  BJTs  and 
mechanical  stress  in  the  monitor  wafer  is  consistent  with 
at  least  two  well-known  models  for  stress-related  radia¬ 
tion  effects  in  Si-Si02  structures.  The  Si  surface  stress 
model  is  one  such  example  based  on  the  probability  of 
bond  reformation  [2-4].  It  is  maintained  that  the  rupture  of 
strained  Si-Si02  interfacial  bonds  by  radiation  is  accompa¬ 
nied  by  a  relaxation  of  the  ionized  atoms  to  new  positions 
of  equilibrium[39].  The  model  asserts  that,  since  a  tensile 
stress  corresponds  to  a  stretching  of  the  lattice,  adjacent 
Si  surface  atoms  under  tension  will  tend  to  move  farther 
apart  upon  ionization,  thereby  reducing  the  probability  of 
bond  reformation.  The  probability  of  bond  reformation 
associated  with  radiation  damage,  therefore,  is  thought  to 
grow  less  favorable  with  increasing  tensile  (decreasing  com¬ 
pressive)  stress  at  the  Si  surface.  Reformation  of  fewer  in¬ 
terfacial  bonds,  in  turn,  results  in  greater  interface  trap 
densities. 

An  alternative  interpretation  of  the  noted  correlation 
can  be  made  with  an  extension  of  the  oxide  bond  strain 
gradient  model[40].  Strained  bonds  are  known  to  exist  on 
the  insulator  side  of  the  Si-Si02  interface  owing  to  the  lat¬ 
tice  mismatch  of  the  dissimilztr  materials[6].  It  is  thought 
that  a  gradient  in  the  oxide  bond  strain  directed  toward  the 
Si  can  elicit  the  propagation  of  certain  radiation-induced 
oxide  defects  to  the  Si-Si02  interface,  where  they  can  read¬ 
ily  create  interface  traps[7].  The  density  of  interface  traps 
induced  by  the  defects  is  believed  to  depend  on  the  mag¬ 
nitude  of  the  bond  strain  gradient,  such  that  a  larger  gra¬ 
dient  results  in  the  formation  of  more  interface  traps. 

Due  to  the  combined  effects  of  a  large  thermsd  expan¬ 
sion  coefficient  [28]  and  an  increase  in  density,  the  deposited 
oxide  layer  in  the  monitor  wafer  would  be  expected  to 
compress  the  underlying  thermal  oxide  and  Si  following 
the  previously  mentioned  high-temperature  densification 


anneal.  As  described  earlier,  the  subsequent  metalliza¬ 
tion  and  PMA  of  the  wafer  induce  an  even  larger  com¬ 
pressive  stress  in  the  Si.  In  accord  with  arguments  made 
elsewhere[40],  the  combined  compressive  effects  of  the  de¬ 
posited  oxide  and  A1  layers  reduce  the  bond  strain  gradient 
in  the  thermal  oxide  near  the  Si-Si02  interface.  Any  sub¬ 
sequent  decrease  in  compressive  (increase  in  tensile)  stress 
at  the  Si  surface  due  to,  for  example,  a  radiation-induced 
decrease  in  oxide  density,  would  be  accompanied  by  a  re¬ 
laxation  of  the  oxide  bond  strain  gradient  to  a  larger  value 
and,  therefore,  a  greater  propensity  for  interface  trap  for¬ 
mation. 

In  an  npn  BJT,  the  radiation-induced  excess  base  cur¬ 
rent  that  flows  at  the  surface  of  the  base  can  be  expressed 
as[41] 

a/’2 

Mb<xNt[Lr^^Ki  exp(-^)],  (4) 

where  Nt  emd  Nox^  respectively,  represent  the  densities 
of  G-R  centers  and  oxide  charge  above  the  extrinsic  base, 
refers  to  the  location  of  the  peak  in  surface  recombi¬ 
nation  velocity,  and  Ki  and  K2  are  constants  unrelated  to 
radiation.  Since  the  G-R  centers  represented  by  Nr  are, 
in  fact,  interface  traps  close  enough  in  energy  to  midgap  to 
facilitate  surface  recombination,  an  increase  in  radiation- 
induced  interface  trap  densities  generally  leads  to  greater 
excess  base  current  through  an  increase  in  Nr-  Although 
the  dependence  on  Nox  differs,  a  similar  relationship  be¬ 
tween  excess  base  current  and  Nr  exists  for  vertical  pnp 
BJTs[42]. 

Because  of  the  considerable  evidence  relating  hydrogen 
to  the  formation  of  radiation-induced  interface  traps[43,44], 
the  role  of  hydrogen  must  also  be  considered  in  trying  to 
account  for  the  change  in  BJT  radiation  sensitivity  due 
to  repeated  cycles  of  irradiation  and  anneal.  According  to 
the  hydrogen  model[45,46],  H**"  ions  liberated  by  radiation- 
induced  holes  in  the  oxide  bulk  can  create  Si-Si02  inter¬ 
face  traps  in  the  form  of  dangling  Si  bonds  by  reacting 
with  Si-H  trap  precursors  and  substrate  electrons  near  the 
interface.  Assuming  that  the  hydrogen  model  is  applica¬ 
ble,  the  current  gains  measured  in  the  BJTs  imply  that 
repeated  cycles  of  radiation  exposure  and  anneal  lead  to 
either  an  increase  in  the  amount  of  hydrogen  at  or  near 
the  Si-Si02  interface  in  the  screen  oxide  or  an  improve¬ 
ment  in  the  efficiency  with  which  hydrogen  generates  the 
interface  traps.  At  present,  there  is  insufficient  evidence 
to  speculate  further. 

IV.  SUMMARY 

Complementary  single-crystalline  emitter  BJTs  of  two 
emitter  geometries  were  investigated  for  radiation-induced 
current  gain  degradation  while  undergoing  repeated  cycles 
of  ionizing  radiation  exposure  and  high-temperature  an¬ 
neal.  Current  gain  degradation  was  found  to  grow  progres¬ 
sively  worse  with  an  increasing  number  of  cycles  regardless 
of  emitter  polarity  or  geometry.  The  change  in  device  ra¬ 
diation  sensitivity  was  largest  following  the  first  radiation 
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and  anneal  cycle  and  diminished  with  subsequent  cycles. 
The  degradation  in  BJT  radiation  hardness  sharply  con¬ 
trasts  with  the  dramatic  improvements  in  radiation  hard¬ 
ness  reported  by  others  for  MIS  devices  that  received  sim¬ 
ilar  radiation  and  anneal  treatments.  It  is  concluded  that 
the  treatment  of  single-crystalline  emitter  BJTs  with  mul¬ 
tiple  cycles  of  radiation  exposure  and  anneal  does  not  make 
a  promising  technique  for  improving  device  tolerance  to 
ionizing  radiation.  - 

In  conjunction  with  the  current  gain  measurements, 
samples  from  a  monitor  wafer  processed  to  resemble  the 
screen  oxide  region  in  the  npn  BJTs  were  characterized 
for  mechanical  stress  while  undergoing  cycles  of  irradia¬ 
tion  and  anneal  similar  to  those  received  by  the  BJTs.  The 
oxide  on  the  monitor  wafer  consisted  of  a  640  nm  layer  de¬ 
posited  on  top  of  a  45  nm  thermal  layer.  Values  for  Si 
stress  in  the  Si-Si02  interfacial  plane  were  obtained  from 
the  spacing  of  Si  atomic  planes  by  x-ray  diffraction.  The 
results  indicate  that  compressive  stress  existing  in  the  Si 
prior  to  irradiation  is  relieved  somewhat  by  the  repeated 
cycles  of  radiation  exposure  and  anneal.  A  separate  mea¬ 
surement  of  Si  surface  stress  as  a  function  of  total  dose 
absorbed  by  the  samples  revealed  a  comparable  relaxation 
of  stress,  indicating  that  stress  relaxation  in  the  samples  is 
elicited  largely  by  irradiation  and  not  by  annealing.  The 
change  in  stress  due  to  radiation  exposure  was  smaller  than 
the  stress  induced  by  the  emitter  contact  metallization. 

Correlation  of  radiation  sensitivity  in  the  BJTs  and  me¬ 
chanical  stress  in  the  monitor  wafer  is  consistent  with  pre¬ 
viously  reported  conclusions  from  studies  of  MOS-Cs  that 
Si-Si02  interfaces  are  increasingly  more  susceptible  to  radi¬ 
ation  damage  with  decreasing  compressive  (increasing  ten¬ 
sile)  stress  in  the  Si.  This  result  suggests  that  mechanical 
stress  may  play  an  important  role  in  determining  the  ra¬ 
diation  hardness  of  BJTs  and  that  the  observed  changes 
in  device  radiation  sensitivity  following  repeated  cycles  of 
radiation  exposure  and  annead  may  be  explained,  at  least 
in  part,  by  radiation-induced  changes  in  mechanical  stress. 
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Abstract — A  physically  based  comparison  between  hot<arrier 
and  ionizing  ra^ation  stress  in  BJT’s  is  presented.  Although  both 
types  of  stress  lead  to  qualitatively  similar  changes  in  the  current 
gain  of  the  device,  the  physical  mechanisms  responsible  for  the 
degradation  are  quite  different  In  the  case  of  hot-carrier  stress 
the  damage  is  localized  near  the  emitter-base  junction,  which 
causes  the  excess  base  current  to  have  an  ideality  factor  of  two. 
For  ionizing  radiation  stress,  the  damage  occurs  along  all  oxide- 
silicon  interfaces,  which  causes  the  excess  base  current  to  have 
an  ideality  factor  between  one  and  two  for  low  total  doses  of 
ionizing  radiation,  but  an  ideality  factor  of  two  for  targe  total 
doses.  The  different  physical  mechanisms  that  apply  for  each 
type  of  stress  imply  that  improvement  in  resistance  to  one  type 
of  stress  does  not  necessarily  imply  improvement  in  resistance  to 
the  other  type  of  stress.  Bas^  on  the  physical  model,  implications 
for  correlating  and  comparing  bot-carrier-induced  and  ionizing- 
radiation-induced  damage  are  discussed. 


I.  Introduction 

The  current  gain  /c//s  of  bipolar  transistors  is  degraded 
when  the  oxide  over  the  emitter-base  junction  is  damaged. 
This  can  occur  when  the  emitter-base  junction  is  reverse- 
biased  [1],  as  it  is  in  normal  BiCMOS  circuit  operation  [2], 
or  when  the  device  is  exposed  to  ionizing  radiation  [3]-[6]. 
Both  hot-carrier  damage  and  ionizing  radiation  typically  lead 
to  excess  base  current  in  the  device  A/b,  and  no  change  in 
the  collector  current.  The  effects  on  device  performance  are 
qualitatively  similar  for  both  types  of  stress  [6],  [7]. 

For  hot-carrier  stress,  many  authors  have  assumed  that  A/b 
is  caused  primarily  by  interface  states  created  in  the  oxide  over 
the  emitter-base  junction  during  the  stress  [7H1 1],  The  effects 
of  trapped  charge  created  during  the  hot-carrier  stress  have 
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received  less  attention,  as  the  presence  of  the  trapped  charge 
near  the  emitter-base  junction  is  difficult  to  detect  from  the 
current- voltage  characteristics  of  the  device  [6]. 

Ionizing  radiation  occurs  naturally  in  space  and  during 
electron-beam  lithography  [12].  For  ionizing  radiation  stress, 
it  has  been  shown  that  A/b  is  caused  by  an  interactive 
combination  of  interface  states  and  trapped  positive  oxide 
charge  [5],  [6],  It  has  been  shown  that  trapped  positive  charge 
far  from  the  junction  can  substantially  influence  the  excess 
base  current  by  increasing  the  surface  potential  in  the  intrinsic 
base  [5],  [6].  The  presence  of  the  oxide  charge  is  easily 
detected  from  a  plot  of  excess  base  current  versus  base-emitter 
voltage  [5]. 

Ionizing  radiation  has  been  used  to  mimic  hot-carrier  stress 
by  selectively  degrading  individual  transistors  in  an  ECL 
circuit  [7].  This  approach  has  obvious  advantages  for  studying 
circuit-level  performance  and  degradation  issues.  It  would  also 
be  useful  if  hot-carrier  stress  data  could  be  used  to  predict 
ionizing  radiation  response,  as  radiation  testing  is  generally 
more  costly  than  hot-carrier  sressing.  The  two  types  of  stress 
can  be  correlated  to  one  another  for  a  specific  set  of  test 
conditions  [7].  The  generality  of  the  correlation  is  uncenain, 
however,  as  no  physical  basis  exists  for  the  comparison  of  hot 
carrier-induced  and  ionizing-radiation-induced  degradation  in 
bipolar  transistors. 

This  work  presents  a  physically  based  model  for  excess  base 
current  in  BJT's  that  is  applicable  to  both  hot  carrier-damage 
and  ionizing  radiation-induced  damage.  The  general  expres¬ 
sion  for  excess  base  current  is  verified  experimentally  and 
with  S-PISCES  2B  [13]  simulations.  The  salient  features  of 
both  ionizing-radiation-induced  and  hot-carrier-induced  degra¬ 
dation  are  explained  in  terms  of  the  general  model.  The 
analysis  indicates  that  improvements  in  resistance  to  one  type 
of  sress  do  not  necessarily  imply  an  improvement  in  resistance 
to  the  other  type  of  stress.  These  results  demonstrate  that  care 
must  be  taken  when  using  the  results  of  one  type  of  stress  to 
predict  or  mimic  the  results  of  the  other  type  of  stress. 

11.  Device  and  Experimental  Details 

The  devices  studied  in  this  work  are  n-p-n  polysilicon 
emitter  bipolar  transistors  fabricated  in  a  BiCMOS  process 
closely  related  to  that  described  in  [14].  A  representative  cross- 
section  of  the  devices  is  shown  in  Fig.  1.  Relevant  structural 
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la.  1,  Representative  cross-section  of  the  devices  studied  in  this  work. 


TABLE  I 

Relevant  Device  Par,ameters 


and  experimental  information  is  summarized  in  Table  L  For 
the  irradiation  study,  the  devices  were  irradiated  with  10  keV 
x-rays  at  a  dose  rate  of  1.7  krad(Si02)/s  up  to  a  to^  dose  of 
1  Mrad(Si02)-  All  pins  were  grounded  during  irradiation.  For 
the  hot  electron  stress,  a  constant  reverse  current  of  2  nA  was 
applied  through  the  emitter-base  junction  with  the  collector 
open  for  a  total  of  2.048  seconds.  This  stress  current  places 
the  emitter-base  junction  well  into  avalanche  breakdown.  A 
Hewlett-Packard  4145B  Semi-Conductor  Parameter  Analyzer 


(b) 

Fie  ’’  (a)  Normalized  current  gain  versus  base-emitter  voltage  tor  in- 

crJasIne  levels  of  total  ionizing  dose.  (b).  Normalized  current  gam  versus 
base-emitter  voltage  for  increasing  levels  of  hot-camer  stress  time. 


was  used  for  device  characterization. 


III.  Experimental  Results 

The  normalized  common-emitter  current  gain  /c/^s-  's 
plotted  versus  base-emitter  voltage  Vse,  in  Fig.  2  for  in¬ 
creasing  values  of  each  type  of  stress.  Fig.  2(a)  shows  the 
normalized  current  gain  for  increasing  values  of  total  ionizing 
dose,  while  Fig.  2ib)  shows  the  normalized  current  gain  tor 
increasing  values  of  hot-carrier  stress  time.  The  current  gam 
degrades  substantially  for  both  types  of  stress,  and  the  degra¬ 
dation  is  most  severe  at  lower  values  of  Vbe-  Note  that  the 
current  2ain  degradation  tends  to  saturate  for  large  values  of 
total  ionizing  dose,  but  shows  no  tendency  to  saturate  for  the 
stress  times  shown  here.  The  trend,  however,  is  qualitatively 
similar  for  both  types  of  stress. 

The  collector  current  remains  approximately  constant 
throughout  both  radiation  and  hot  electron  stressing.  The 
current  gain  degrades  because  the  base  current  increases.  The 
base  current  is  written  as  Ib  =  ^B.pre  +  where  the 

excess  base  current  A/a,  is  a  recombination  current  in  the 
emitter-base  depletion  region. 


Recombination  current  in  p-n  junctions  varies  as  A/b  - 
A/B„exp[f3V7n]  where  n.  the  ideality  factor,  depends  upon 
oxide  charge  and  forward  voltage.  It  will  be  shown  in  the  next 
section  that  the  relative  contribution  of  the  oxide  charge  far 
from  the  emitter-base  junction  is  what  determines  the  ideality 
factor  in  the  diode  equation.  In  [5]  it  is  shown  that  the  value 
of  oxide  charge  can  be  determined  by  plotting  the  excess 
base  current  versus  base  emitter  voltage,  as  in  Fig.  3.  Three 
transition  voltages.  Vj,,  are  also  identihed.  The  transition 
voltages  mark  the  transition  between  predominantly  surface 
and  predominantly  subsurface  recombination.  These  transition 
voltages  are  readily  related  to  net  positive  oxide  charge. 
by  the  simple  relationship  [5] 


where  tt,  is  the  intrinsic  carrier  concentration.  3  -  q.  I^'T 
is  the  inverse  thermal  voltage.  .V,  is  the  surface  concentration 
in  the  intnnsic  base,  f.s,  is  the  permittivity  of  silicon,  and 
q  is  the  magnitude  of  the  electronic  charge.  In  general.  .\  >r 
includes  the* connbutions  of  both  oxide-trapped  charge. 
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Fje  }.  Excess  base  current  versus  base-emitter  voltage  for  various  levels  of 
total  ionizing  dose. 


Total  Doac  [knd(SiO^)] 

Fig.  4.  Oxide  charge  and  surface  recombination  velocity  from  two  gated 
diodes  versus  total  dose. 

and  charged  interface  traps,  as  discussed  in  [5].  In  Fig.  4, 
Not  calculated  from  the  transition  voltages  is  plotted  versus 
total  ionizing  dose.  Oxide-trapped  charge,  Nou  measured  from 
MOS  capacitors  and  surface  recombination  velocity  Vsurf, 
measured  from  gated  diodes  from  the  same  process,  is  also 
plotted  for  comparison.  It  is  seen  from  Fig.  4  that  Nox  is 
similar  to  Not  for  these  devices,  and  that  both  v^urf  and  Nox 
increase  with  increasing  total  ionizing  dose.  The  degradation 
due  to  ionizing  radiation  is  caused  by  increases  in  both  positive 
oxide  charge  and  surface  recombination  velocity  [5],  [6],  but 
is  primarily  due  to  increases  in  oxide  charge  [15]. 

Note  also  from  Fig.  3  that,  for  large  values  of  total 
ionizing  dose,  the  ideality  factor  is  approximately  two  for 
the  entire  range  of  Vbe-  Further  increases  in  total  ionizing 
dose  do  not  cause  the  excess  base  current  to  increase 
substantially  once  n  =  2  for  all  This  saturation 

behavior  and  corresponding  ideality  factor  for  ionizing 
radiation  is  explained  the  next  section. 

In  Fig.  5,  A/g  is  plotted  versus  Vgg  for  several  values 
of  increasing  hot-carrier  stress  time.  The  ideality  factor  is 
roughly  two  for  all  stress  times,  and  no  transition  voltage 
can  be  determined  for  any  stress  level.  This  is  because  the 
recombination  current  is  localized  near  the  emitter-base  junc¬ 
tion  for  all  values  of  Vgg.  Thus,  even  if  trapped  charge  is 


Fig.  5.  Excess  base  current  versus  base-emitter  voltage  for  increasing  levels 
of  hoi-carricr  stress  time. 


Fig.  6.  Normalized  current  gain  at  0.6  V  versus  intercept  current. 

present  near  the  emitter-base  junction,  it  cannot  be  detected 
from  this  plot.  In  other  studies,  it  has  been  reported  that 
n  >  2  for  hot-carrier  stress,  which  is  attributed  to  trap- 
assisted  tunneling  [16].  Evidently,  this  does  not  occur  for 
these  devices,  indicating  that  the  excess  base  current  is  entirely 
recombination  current  near  the  emitter-base  junction. 

In  Fig.  6,  normalized  current  gain  at  Vgg  =0.6  V  is  plotted 
versus  intercept  current  A/g^  for  each  type  of  stress.  Since 
71  <  2  for  the  radiation  sress  data  at  lower  total  doses, 
the  intercept  current  for  a  given  current  gain  degradation  is 
much  less  than  for  hot-carrier  stress.  The  curves  approach  one 
another  for  large  intercept  currents  because  for  radiation  stress, 
n  — ^  2  for  large  values  of  Nox^ 

A  simple  model  for  the  observed  trends  in  the  excess  base 
current  for  both  hot-carrier  and  ionizing  radiation  stress  is 
presented  and  verified  in  the  next  section.  The  model  provides 
insight  into  the  similarities  and  differences  between  the  types 
of  damage  caused  by  each  type  of  stress.  It  also  serves  as  a 
basis  for  comparing  the  two  types  of  stress. 

IV.  Model 

The  recombination  current  in  the  emitter- base  space  charge 
region  can  be  obtained  analytically  from  Shockley-Read- 
Hall  (SRH)  recombination  theory  [17],  [18].  The  electron 
concentration  at  the  surface  can  be  written  as 

Tis  =  n,  exp[,J(i;’,  (2) 
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r:oN  is  BJTS 


p,  =  n,exp[/?(^p/  “  ^5)]* 


(3) 


In  these  equations  '■pnf  is  the  quasi-Fermi  level  for  electrons, 
and  ippf  is  the  quasi-Fermi  level  for  holes.  The  potential  w  is 
always  the  intrinsic  potential  The  reference  for  potential  is 
^fnf.  which  we  define  to  be  zero.  The  applied  voltage  appears 
as  a  splitting  of  the  quasi-Fermi  levels;  Vbe  =  '^vf  “  '^n/- 
These  conventions  are  illustrated  in  Fig.  7. 

Assuming  equal  electron  and  hole  capture  cross  sections, 
a  single  trap  level  at  midgap  in  equilibrium  with  the  bulk 
semiconductor  and  moderate  forward  bias,  the  recombination 
rate  at  the  surface  can  be  written  as  a  function  of  lateral 
position  as  [5] 

2cosh  [^(V',(y)  -  ■^)] 


The  surface  recombination  velocity  is  given  by  - 

crvth-'^T-  where  cr  is  the  capture  cross  section,  vth  is  the 
thermal  carrier  velocity,  and  Nt  is  the  trap  density. 

The  peak  recombination  rate,  fis.p*,  occurs  when  0,  = 
Vbe/2  and  is  given  by 

^9,pk  —  2 


Fig.  8.  PISCES-simulated  (a)  surface  potential,  and  (b)  surface  rec^- 
binauon  rate  versus  lateral  position  near  the  emitter-base  junction.  The 
metallurgical  junction  is  at  the  ongin,  and  the  base-eminer  voltage  is 
V  with  varying  amounts  of  oxide  charge. 

the  cosh  term  to  be  approximated  by  neglecting  one  of  the 
exponentials.  This  approximation  allows  the  recombination 
rate  in  the  intrinsic  base  to  be  written  as 


The  recombination  rate  versus  lateral  position  curve  is 
a  peaked  function.  The  peak  occurs  near  the  emitter-base 
metallurgical  junction,  with  a  plateau  region  over  the  intrinsic 
base.  This  trend  is  illustrated  in  Fig.  8(a)  and  8(b),  where 
PISCES-simulated  surface  potential  and  surface  recombir.ition 
rate  are  plotted  versus  lateral  position  for  a  fixed  forward 
voltage  of  Vbe  =  0-5  V  and  varying  amounts  of  positive 
oxide  charge.  For  large  amounts  of  oxide  charge,  the  surface 
recombination  rate  decreases  in  the  intrinsic  base.  In  this  case, 
the  recombination  peak  has  moved  below  the  oxide/silicon 
interface.  When  this  happens,  the  excess  base  current  saturates, 
as  discussed  later. 

When  the  surface  recombination  rate  has  a  peak  near  the 
emitter-base  junction,  the  surface  potential  in  the  intrinsic  base 
is  less  than  half  the  applied  voltage.  <  Vbe!--  allowing 


R,.ib  =  niV,^rf  exp 

vAherc  I.:,  13  is  the  surface  potential  in  the  intrinsic  base  and 
is  given  by 

vsox  is  the  band-bending  due  to  the  oxide  charge  which  may 
be  wntten  in  the  depletion  approximation  as 


A  qualitative  sketch  of  the  recombination  rate  and  correspond¬ 
ing  surface  potential  showing  important  definitions  is  shown 
in  Fig.  9. 
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Fig.  9.  Schematic  representation  of  the  surface  potential  and  surface  recom¬ 
bination  rate  versus  lateral  position. 


0  Lateral  Poaition  [;im] 


Fig.  10.  Idealized  recombination  rate  versus  lateral  position. 


Combining  (6H8)  and  using  the  definition  of  the  extrinsic 
Debye  length.  Ip 

allows  Rsjb  to  be  written  as 

ti2  r  iv  1  ^ 

-Rj./fl  =  ^W/exp(/3V'BE)exp  ■  00) 


(10) 


Now,  consider  the  approximation  to  the  Rsiy)  profile  shown 
in  Fig.  10.  This  approximation  removes  the  dependence  of 
the  recombination  rate  on  the  details  of  the  surface  potential 
near  the  junction.  Instead,  a  new  parameter  AI  has  been 
introduced.  The  physical  interpretation  of  AI  is  the  effective 
width  over  which  recombination  proceeds  with  an  ideality 
factor  of  2.  Mathematically,  Raiy)  is  approximated  by  the 
double-step  function 


{0,  y  <0 

Rs,pk.  0<2/<  AI  (11) 

RaJB}  ^  2/  £  AI  +  I/s 


where  the  origin  is  on  the  emitter  side  of  the  emitter-base 
junction  at  a  point  where  Rg  <  Ra.pk^ 

In  general,  the  excess  base  current  that  flows  at  the  surface 
of  the  intrinsic  base  AI  Bisurface),  is  given  by 


Fig.  11.  Schematic  top  view  of  the  BJT. 


A  top  view  of  the  BJT  showing  the  emitter-base  region 
is  shown  in  Fig.  II.  A  rectangular  emitter  is  considered  for 
generality. 

A  rigorous  solution  of  (12)  would  require  that  R^  be 
inserted  into  (12),  and  the  integral  performed  numerically.  The 
integral  must  be  performed  over  the  entire  area  of  the  intrinsic 
base.  If,  however,  the  approximate  Rsiy)  profile  as  given  by 
(II)  is  used,  a  particularly  transparent  and  simple  form  for 
Alsisurface)  results: 

Alaisurface)  =  qniVaurf{LEi  +  ir2)exp 


BVbe 

2 


This  form  for  Alsisurface)  elucidates  many  of  the  features 
of  stress-induced  damage  in  BJT’s.  It  expresses  the  excess 
base  current  due  to  surface  recombination  as  the  sum  of  a 
term  proportional  to  the  perimeter  of  the  emitter  and  a  term 
proportional  to  the  area  of  the  intrinsic  base.  These  two  terms 
have  different  voltage  dependencies;  the  perimeter  term  has  an 
ideality  factor  of  2,  and  the  area  term  has  an  ideality  factor  of 
1.  When  both  terms  contribute,  the  ideality  factor  is  between 
1  and  2.  This  is  the  situation  that  exists  for  irradiated  BJT’s 
when  Vbe  <  as  illustrated  in  Fig.  3.  For  hot-carrier  stress, 
primarily  the  first  term  contributes  to  the  excess  base  current. 
The  hot-carrier  stress  may  increase  Vs^rf  or  A I  or  both,  but 
the  ideality  factor  of  the  excess  base  current  is  always  2  as 
illustrated  in  Fig.  5. 

When  the  recombination  peak  moves  below  the  surface  of 
the  intrinsic  base,  the  recombination  current  becomes  relatively 
insensitive  to  increases  in  surface,  damage  [5],  [19].  This 
is  because  the  point  of  maximum  recombination  now  lies 
below  the  surface,  as  seen  in  Fig.  12.  Here,  PISCES-simulated 
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amounts  of  oxide  charge. 


recombination  rates  normal  to  the  oxide-silicon  interface  are 
plotted  for  a  fixed  forward  voltage  of  0.5  V  and  varying 
amounts  of  oxide  charge.  The  transition  between  surface  and 
subsurface  recombination  occurs  at  the  transition  charge  as 
given  by  (1)  using  Vtr  =  0.5  V,  which  gives  a  transition 
charge  of  1.5xl0‘^  cm"^.  This  prediction  is  confirmed  in 
Fig.  12.  The  excess  base  current  that  flows  when  the  peak  lies 
below  the  surface  depends  on  the  bulk  recombination  lifetime 
according  to 


eisubsurface) 


0^8  E 


(14) 


Fig.  14.  Ratio  of  excess  base  currents  for  subsurface  recombination  versus 
ratio  of  intrinsic  base  areas  for  several  device  geometries. 


where  Ax  is  the  effective  recombination  width  and  r  is 
the  bulk  recombination  lifetime.  An  estimate  for  Ax  is  the 
depletion-layer  width  induced  by  the  positive  oxide  charge 
in  the  depletion  approximation.  Ax  <  NoxjNa.  Note  that 
the  ideality  factor  n  for  Bisurface)  is  2  because  the 
recombination  rate  below  the  surface  is  dominated  by  the 
recombination  peak,  in  contrast  to  Alsisurface),  as  can  be 
readily  verified  by  comparing  Rgs.  8(b)  and  (12). 

The  validity  of  the  piecewise-continuous  model  for  A/s, 
derived  above,  is  confirmed  by  the  PISCES  simulation  re¬ 
sults  in  Fig.  13.  For  convenience,  in  the  PISCES  simulations 
the  recombination  time  constants  at  the  surface  were  the 
same  as  those  in  the  bulk.  Doping  profiles  were  taken  from 
SUPREM  simulations  and  verified  with  spreading-resistance 
and  capacitance  measurements.  Note  in  particular  from  Fig.  1 3 
that  further  increases  in  Nox  beyond  do  not 

cause  an  increase  in  A/s  for  die  reasons  cited  above.  This 
explains  the  experimentally  observed  result  on  many  different 
device  technologies  that  increases  in  base  current  due  to 
ionizing  radiation  tends  to  saturate  for  large  total  doses  [5], 
[6],  [10],  [19],  Also  note  from  Fig.  12  that  the  excess  base 
current  increases  exponentially  for  Nox  <  *Voj.(fran5ifion),  as 
predicted  by  (13). 


Equation  (14)  is  also  verified  in  Fig.  14,  where  the  ratio  of 
excess  base  currents  for  large  total  doses  is  plotted  versus  the 
ratio  of  intrinsic  base  areas  for  several  device  geometries.  The 
devices  were  fabricated  on  the  same  test  chip  as  the  devices 
in  Table  I.  Emitter  size  and  shape  ranged  from  1.5  x  1.5  to  14 
X  14  /im^  along  with  2  x  50  and  2  x  15  devices.  The 
excess  base  currents  clearly  stand  in  the  ratio  of  the  intnnsic 
base  areas,  as  predicted  by  (14). 

V.  DISCUSSION 

A  mapping  can  be  made  between  the  hot-camer  stress 
data  and  the  ionizing  radiation  stress  data  by  equating  the 
normalized  current  gains  at  a  fixed  base-emitter  voltage.  This 
map  can  be  used  as  a  guide  for  determining  how  much  of  each 
type  of  stress  will  cause  a  given  amount  of  device  degradation. 
This  approach  has  been  used  to  study  circuit-level  hot-carrier 
degradation  issues  by  using  a  scanning  electron  microscope  to 
selectively  degrade  individual  transistors  in  the  circuit  [7]. 

The  correlation  between  radiation- induced  degradation  and 
hot-carrier-induced  degradation  is  extremely  sensitive  to  the 
test  conditions  used.  For  example,  ionizing-radiation-induced 
degradation  is  dose-rate  dependent,  with  lower  dose  rates 
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causing  more  damage  than  higher  dose  rates  [20].  For  hot- 
carrier  stress,  the  amount  of  degradation  in  a  given  device 
depends  on  the  stress  current  or  voltage  used  [9],  and  the 
ambient  temperature  [11],  [21].  Changing  any  of  these  vari¬ 
ables  would  require  a  new  mapping  between  hot-carrier  and 
radiation  damage. 

Correlating  and  interpreting  results  from  devices  with  dif¬ 
ferent  geometries  is  conceptually  understood  in  the  context  of 

(13)  and  (14).  It  is  seen  from  (13)  and  (14)  and  Figs.  12  and 
13  that  the  excess  base  current  due  to  ionizing  radiation  is 
proportional  to  the  area  of  the  intrinsic  base.  The  excess  base 
current  for  hot-carrier  stress,  however,  is  proportional  to  the 
perimeter  of  the  emitter.  Finally,  the  effect  the  excess  base 
current  will  have  on  the  current  gain  of  the  device  depends  on 
the  ratio  of  the  emitter  perimeter  to  the  emitter  area  [7],  [3]. 

Equation  (14)  shows  that  the  amount  of  damage  that  can  be 
done  by  radiation  is  limited,  a  result  that  has  been  observed  ex¬ 
perimentally  [5],  [10],  [19].  Physically,  the  damage  due  to  ion¬ 
izing  radiation  is  limited  because  for  Nox  >  Nox{transition), 
the  recombination  current  flows  primarily  below  the  oxide- 
silicon  interface,  and  is  thus  insensitive  to  further  increases 
in  surface  damage  [15],  [19]..  For  constant-current  hot-carrier 
stressing  in  the  avalanche  breakdown  regime  of  the  emitter- 
base  junction,  the  amount  of  damage  is  proportional  to  the 
amount  of  charge  passed  through  the  junction  [2],  [9].  Thus, 
the  amount  of  damage  that  can  be  done  by  hot-carrier  stressing 
could  easily  be  much  larger  than  the  amount  of  damage  done 
by  radiation,  as  has  been  observed  experimentally  [6]. 

Improvement  in  the  radiation  hardness  of  a  BJT  does  not 
necessarily  imply  that  the  device  will  also  be  less  susceptible 
to  hot-carrier  damage.  Equation  (13)  shows  that  substantial 
improvement  in  the  radiation  hardness  of  BJT’s  for  surface  re¬ 
combination  can  be  expected  by  increasing  the  surface  doping 
of  the  intrinsic  base.  Once  sufflcient  charge  has  accumulated 
to  force  the  recombination  peak  below  the  surface,  however, 

(14)  shows  that  increased  doping  will  have  an  adverse  affect 
on  the  radiation  hardness  of  the  device  due  to  the  inverse 
relationship  between  doping  and  lifetime. 

For  hot-carrier  stress,  the  performance  of  the  device  depends 
on  the  details  of  the  stress  conditions  [22].  Increasing  the 
doping  in  the  intrinsic  base  leads  to  larger  surface  electric 
fields  for  a  given  reverse-bias  voltage,  which  leads  to  worse 
performance  for  constant-voltage  stress  and  constant-current 
stress  in  the  avalanche  regime,  but  may  not  lead  to  worse 
performance  under  constant  current  stress  at  sub-avalanche 
currents  [22].  The  ambiguity  arises  because  of  the  additional 
junction  leakage  components  present  in  heavily  doped  junc¬ 
tions,  such  as  band-to-band  and  trap-assisted  tunneling  [16]. 

Device  geometry  also  affects  the  radiation  hardness  and  hot- 
carrier  performance  differently.  Reducing  the  area  of  the  in¬ 
trinsic  base  improves  radiation  hardness,  as  shown  in  Fig.  13. 
Changing  the  area  of  the  intrinsic  base,  however,  has  no  direct 
effect  on  the  hot-carrier  resistance  of  the  device. 

Finally,  the  goals  of  oxide  engineering  for  hot-carrier  re¬ 
sistance  and  radiation  hardness  in  BJT's  are  not  identical. 
From  (13),  it  is  seen  that  suppression  of  radiation-induced 
oxide  charge  in  the  oxide  overlying  the  intrinsic  base  will  lead 
to  substantial  improvement  in  the  radiation  hardness  of  the 


device.  To  improve  the  hot-carrier  resistance  of  the  device,  (13 ) 
suggests  that  attention  should  be  paid  to  suppressing  interface 
state  build  up,  as  well  as  oxide  charge  build  up. 

VI.  Conclusions 

A  physically-based  model  for  radiation-induced  and  hot- 
carrier-induced  degradation  in  BJT’s  has  been  presented.  The 
origins  of  the  excess  base  current  for  the  two  types  of 
stress  were  found  to  be  very  different.  Positive  oxide  charge 
was  identified  as  the  primary  driving  force  behind  ionizing- 
radiation-induced  degradation,  in  constrast  to  the  situation  for 
hot-carrier  stressing.  The  different  dependencies  on  device 
geometry  and  doping  of  hot-carrier-induced  and  ionizing- 
radiation-induced  degradation  mean  that  improvement  in  re¬ 
sistance  to  one  type  of  stress  does  not  necessarily  imply 
improvement  in  resistance  to  the  other  type  of  stress.  Implica¬ 
tions  for  correlating  hot-carrier  induced  and  ionizing-radiaiion 
induced  degradation  were  discussed.  The  analysis  provides 
insight  into  the  issues  that  must  be  taken  into  account  when 
comparing  hot-carrier  and  radiation  stress  results,  especially 
when  one  type  of  stress  is  used  to  mimic  the  other  type  of 
stress. 
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VI.  Summary 

This  report  has  covered  work  on  modeling  of  single-event  burnout  of  power  MOSFETs,  single¬ 
event  gate  rupture  of  power  MOSFETs,  total-dose  effects  on  power  MOSFETs,  1/f  noise  in 
power  MOSFETs,  total-dose  gain  degradation  in  bipolar  junction  transistors,  and  mechanical  and 
hot-carrier-induced  stress  effects  in  bipolar  junction  transistors.  Each  technical  section  of  this 
report  is  self-contained. 

Each  technical  section  describes  work  that  has  contributed  to  the  technical  base  necessary  to 
provide  radiation-hardened  power  MOSFETs  and  bipolar  junction  transistors  for  DNA-supported 
systems.  Much  of  the  work  has  yielded  design  guidelines  that  can  be  used  in  the  development  of 
radiation-hardened  electronics.  This  work  has  been  widely  disseminated  through  technical  talks 
and  technical  papers,  and  through  direct  consultation  with  government  laboratory  personnel  and 
personnel  from  the  electronics  industry. 
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